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I
t MANINVESTIGATESTHE PLANETS

N. A. Varvarov

CHAFFER1.
PLANETSIN THE SERVICEOF THE EARTH

- There is no doubt that today one can find few people who could ask: are /5__*
the gigantic efforts of the massive army of scientists, engineers, and highly
qualified specialists who produce the meteorological, navigational, geodesic,
radio, television, and other Earth satellites justified? Here, as they say,
the issue is clear. Because todayEarth satellites have already _uccess-
fully solved the most complex problems of scientific and national economic
significance. And there is no doubt that the circle of these problems will
always continue,to expand.

But undoubtedly the answer to another question is of interest to many
people today: what will the investigationand conquest oZ celestial objects
do for people?

It has been known for a long time that truth is found through comparison.
Thus it follows that an important cause of our at present insufficient knowledge
of our own planet is in the fact that scientists cannot ¢om_trl it with
another celestial object which they would investigate just as they do the Earth.
Investigatingonly one celestial object,they are not in a position to distin-
guish the regular and general from the particula" _nd individual. At the
present time there is still no definite answer to the question of the origin of
the planets and the development of the Solar System, There is even a lot about
the internal life of our own spaceship, the EaTth, which still remains unclear
to us. Investigatorshave more or less thoroughly studied the Earth's crust,
and it consists of only about one-thousandth of our planet's radius in alll
But why does the Earth consist of shells of different density? How does one
explain why the thickness of the Earth's crust in a continent is five times
greater than under the oceans? Why is there no granitic layer under the oceans,
while it is universally part of the makeup of the continental crust? 0f what
internal processes are earthquakes and ivolcan_ism_,th e symptoms? We are still able
to formulate only theories as to the causes of the motions of the Earth's crust,
tectonic activity, uplift of a molten mass to the surface, and the formation of /6
the continents and oceans. Much remains unknown about the question of the origin m
of the Earth and also about the history of the air and water envelopes which
surround our terrestrial sphere. C0ntAl_rarF Eirth science is ;
still not in a position to give a clear and valid enough answer to these and
other questions.

i, .n u i ,. i _ u i m i i HH. ...... ql I I

*Numbers in the margin indicate foreign pagination.
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The solution of the problem associated with the processes which are going
on inside the Earth and which appear to be the causes of tectonic activity,
earthquakes, and volcanism requires, of course, the penetration of scientific
instrumentation into the Earth's interior. But this is a problem of excep-
tional complexity. It has immediately become completely evident that the
comparative study of the Earth and other planets, chiefly those
which are located near the Earth and which are similar in this or that
respect to it with regard to their basic physical properties, can contribute
a great deal to the elucidation of processes within the Earth. One is speaking
first of all about Venus and Mars and also about the Earth's natural satellite,
the Moon.

The Earth and the Planets

The comparative study of the planets from the geophysical point of view
is of enormous interest because scientists believe that all the planets o_ the
Solar System were formed as a result of condensation from one and the same
protoplanetary dust cloud, and their subsequent development should basically
have been subjected to unique laws. Thus, for example, one may suppose that
being composed of material which was radioactivej a11 tbe planets should
undergo a heating-up stage after their formation. The Soviet scientist
Academician A. P. Vinogradov considers that, under the influence of radioactive
decay in the interiors of ali the planets, tJLeze should occur a gradual melting
out of the lighter material, which rises to the surface while the heavier
material sinks towards the planet's center. It is probable that precisely in
this way the relatively light terrestrial crust was formed on the terrestrial
sphere, while the deeper interior of the Earth consists of heavier material.
Gases and water vapor are liberated from the planet's depths in the course of
the radioactive melting of the light materials. One should think that the
Earth's initial atmosphere and its oceans were formed in precisely this manner.
The_buoyancy of the melted "bubbles" of light material caused an uplift of the
planet's surface which could lead to the formation of mountains and to volcanic
eruptions. However, very significant differences undoubtedly arise in the
course of specific processes occurring on various planets both on the surface

-and in their interiors. They are produced by a multltude o£ factors, but notably
- by differences in the mass and the physi¢o;chemical composition o£ the planets,

by the presence or absence of an atmosphere on them, its composition and density,
the temperature conditions, and also by the presence or absence on them of plant
or animal life, its level and nature o£ development, and a number of other
circumstances. I£ this hypothesis is valid, then we must suppose that the /_7
differences in the deep rocks on various planets will only be of a quantitative
nature. But if we discover on other planets qualitatively different rocks, then
this discovery will be testimony to the fact that our planetary system was

_. probably formed by means of the capture of clouds of cosmic dust whlch dLf£ere4 in
-. their physico-cheJLical co_sttien. In this respect the inyesti-

gation of the asteroid belt, the minor planets, which are distributed between
the orbits of Mars and Jupiter, is of special interest. Some scientists
consider that the asteroids are part of a disrupted planet, to which they have
given the name Phaeton. They assign to this catastrophe a date of 75 million
years ago. Other scientists hold to another theory, namely, that the asteroids

i 2
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are the intermediate structures from which the planets are formed. If this
theory is true, a comparison of asteroid samples with soil from the Earth, the
Moon, and in the future from the terrestrial planets, Mars, Venus, and Mercury,
may be the key to unlocking the secrets of the origin of the Solar System. The
possibility offered by space technology to become acquainted with the condition
of other worlds where many processes occur in a different thermodynamic and
physico-chemicalenvironment permits a deeper understanding of the processes
which occurred on the Earth in different stages of its evolution. Therefore a
comparison of our planet with other worlds of the Solar System permits us to
estimate more exactly the current cosmogonical, cosmological, geophysical,
biological, geological, and other ideas concerning the origin, evolution, and
internal structure of our planet. This knowledge will facilitate a deeper
understanding of the regularities of the formation and distribution of useful
terrestrialminerals and, consequently, the improvement of geological predic-
tions, which are so important to mankind.

According to our contemporary notions, the Earth consists of a number of
shells, geospheresI, which are distinguished from one another both with respect
to the composition of the material of which they are formed and with respect to
their physical properties. The Earth's crust consists of a sedimentary layer
(about 30 km on the average), below which is situated a shell, or the Earth's
mantle, which extends to a depth of the order of 5,000 km. Still deeper one
finds the liquid inner core of the Earth, within which there occurs a smaller
and, according to _e_physicists, a solid subcore. If one compares our planet,
for example, with an apple, then the thickness of the investigated surface layer
is significantly thinner than the skin with respect to the entire apple.

Man has always penetrated deeper and deeper into the Earth's interior in
his searches for useful minerals. But this course of action requires that
colossal difficulties be overcome. Each new meter into the depths of the subter-
ranean storeroom is gainedtmiaywith e_rmous effort. Therefore our ainds /_88
and drill holes are not deep in comparison with the Earth's radius. The
deepest of them do not exceed 8 km. But this is not very much on the scale of
the terrestrial sphere. The thickness of the Earth's crust is 2 - 3 times
greater. Regardless of the fact that the upper layer of the mantle lies at a
comparatively shallow depth (10-15 kilometers from the Earth's surface in some
places, and somewhat less under the oceans), it is not a very simple matter to
reach it. Scientists are now seeking ways to penetrate to it. Diverse projects
are being pursued: one envisions super-deep drilling o£ the Earth's crust with
the help of a plasma, and others suggest the use of automatic depth rocket
devices of the so-called "subterranean mole" type.

It is assumed at the present time that the Earthts crust was formed along
with the hydrosphere and the atmosphere by the melting and uplifting of the

IThe concentric spherlcal shells into which our planet is subdivided are called
geospheres: the atmosphere (gaseous envelope), the hydrosphere (the totality of
all the Earth's water, there in solid, liquid, and gaseous form), the lithe-.

, sphere (solid surface), and the biosphere. The latter includes part of the
atmosphere, hydrosphere, and lithosphere. There are no sharp boundaries between

: these shells; they overlap one another.

3
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more fusible components of the material of the upper mantle. Volcanic activity
apparently was the continuation of this process, as a result of which lava,
cinders, water vapor, and gases come to the Earth's surface from the upper

, mantle.

Why is it very important to know what the mantle of our planet consists of?
Some useful minerals which we are extracting today, for example, iron ore, have
various kinds of impurities which lower their high-grade composition. Sometimes
they occur in the ore at a level even greater than 50%. And why? Scientists
suggest that we are now extracting ore which is found in the so-called state of
fusion. This nleansthat pure ore located at great depth in a layer of the
mantle is in a liquid melted state under the influence of heating by radioactive
heat. Breaking through under pressure to the surface, the melt cuts through
mineral layers of different composition composing the Earth's crust, and
because of this circumstance is "dirtied up" by them. The same thing probably
occurs with other useful minerals which are also located at significant depth.
If this is so, then having penetrated through to the Earth's mantle, it will
be possible to extract from it many useful minerals in a pure form without any

, kind of admixtures. But before reaching the mantle, it is necessary to breach
the considerable thickness of the sedimentary rocks of the Earth's crusti

There will evidently not be any of these sedimentary rocks on the Moon and
perhaps on Mars and some other celestial objects; therefore their surface layer
is probably similar in its physico-chemicaland mineralogical composition to the
upper layer of the Earth's mantle. This is why the inve-tigation of their
surface layers acquires enormous practical significanc'..

Earthquakes and PlanetRuakes

Earthquakes have since time immemorial aroused horror among people as the
cause of enormous damage. According to UNESCO data, our planet is shaken by
subterranean shocks about one and one-half million times a year. Several times /9
a year they cause catastrophes, at times even turning entire cities into heaps
of ruins. It has been calculated that during the last one hundred years about
one million persons have perished from earthquakes. During several strong
earthquakes the human fatalities were exceedingly great. Thus, for example,
the earthquake in Japan on September I, 1923, becne literally a national dis-
aster. The cities of Tokyo and Yokohama were completely destroyed. In Sagami
Bay raging waves over ten meters in height rushed up onto the shore, spreading
death and destruction. About 160 thousand persons perished, and the number of
injured was far greater. About a million people were left homeless.

Thousands of people died as a result of the severe earthquakeswhich
occurred in Chile in May of 1960, in Yugoslavia in July of 1963, and in Alaska
in March of 1964. In January of 1973 the capital city Managua of Nicaragua was
almost completely destroyed; about ten thousand people died. According to the
data of a special UN committee, 14,000 people perish each year on the average
over the entire Earth from earthquakes.

Might it be possible to predict this terrible spontaneous disaster and at
the same time decrease in some way its consequences? At present it seems

4
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F
impossible to do this, since the seismic centers are concealed very deeply. The
nearest of them are located at a depth of approximately 10 km, but the majority
of them occur at depths of 20-40 km. Geophysicists assume that earthquakes are
associated primarily with the continuing process of differentiation of deep
material, and since it occurs at depths within our planet inaccessibleto man,
success has not yet been achieved in establishing the regularities of this
phenomenon. One should note that everything that occurs at great depths is in
one way or another reflected in the Earth's upper layers, similar to the way in
which a person's inner state is reflected on his face and in his behavior.

Having penetrated hundreds of millions of kilometers into space, man has
examined closely the depths of his own planet only down to several thousands
of meters. As Academician A. Sadovskiy says, "The ways of penetrating into the
Earth's depths are so difficult that it may prove to be easier to obtain data
about their structure from a comparison of the Earth's properties with the
results of observations of the properties of other objects in the Solar System."
If one proceeds from the assumption that identical causes produce similar effects,
the pressing necessity for studying planetquakes on celestial objects becomes
completely evident.

Volcanism on Celestial Objects

About 600 volcanoes exhibiting activity have been counted on the Earth at
the present time. It has been established that eruptions of many of these
volcanoes have occurred during the course of several recent centuries. 418 vol-
canoes comprise the "ring of fire"; they are located on the shores of the Pacific
Ocean. Submarine volcanoes are incomparably larger. The geologist G. B.
Udinpsev writes that there are as many of them on the bottom of the Pacific
Ocean as can be indicated on a map consistent with its scale. Volcanoes may be /IO
dormant and then reawaken. They have brought and will bring incalculable
disasters to people. It is sufficient to point out that the City of Pompeii
is buried under the ashes of the volcano Vesuvius. A gigantic explosion on
August 27, 1885, which wai_the resuXt o£ an eruption_of the volcano Kraka-
toa, led to the destruction of a large part of an island and killed w_re than
40,000 people. The total amou_t of ash, pumice, and slag ejected during the
eruption of the volcano Temboro (1815) on the island of Pknnbawais estimated to
be 200-500 km3. The roar of the enormous exploslons was heard at a distance of
2,000 Ira. There was total darkness within a radius of 800 kin. The ash layer
was 50 cm thick at a distance of 160 km from the site of the eruption, and
approximately 20 cm thick at a distance of 400 km.

The layers of volcanic ash, pumice, and slag discovered while drilling Ivto
the Earth's depths indicates that, during rmtepsriods in the Harth's history,
volcanic areas occupteda si_i_icantportionlof the Harth and achieved far
greater strength than at the present time. But today people still do not know
the causes of volcanic activity, and as a result they cannot successfully
contend with these recalcitrant and terrible forces of nature. Scientists
assume that the drop in the surface temperature of our planet and its glaciation
are probably associated with volcanic activity in the past. As a result o£

i __ volcanic activity, the a_sphere has been dirtied up by ash particles, and a
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thick cloud cover has been formed; this situation has resulted in a decrease of
the atmosphere's transparency to the Sun's thermal radiation. Because of this
circumstance the average temperature of our planet's surface has decreased, and
this has facilitated an increase in the snow and ice cover of this or the other
hemisphere of the Earth. Its boundary has reached not only to the temperate
latitudes but has descended still lower towards the equatorial zone.

If it also follows from the assumption that identical causes produce
identlcal effects, the pressing necessity for studying volcanic activity on
celestial objects becomes completely evident. Actually, _f it were established
that a periodic temperature drop has occurred on Venus or Mars just as on
Earth, and the snow and ice cover on part of their surface has increased,
and if the degree of volcanic activity were also determined, then it would be
pos._ible with greater probability than today to assume that the glaclation on
the Earth had this phenomenon as its cause. The scientists also assume that
mountains are the effect of the ejection of colossal masses of gas and molten
rocks from within the planet's solid crust. The formation of gigantic cavities
beneath the planetary crust should have resulted in its settling and wrinkling,
i.e., in the origination of mountain chains and gigantic fractures, faults
several kilometers deep stretching for thousands of kilometers.

Up until recently the majority of selenologists believed that the Moon
is a dead celestial object in which any kind of internal processes are absent.
However, not only did the Soviet scientist N. A. Kozyrev observe on November 3,
1958 an eruption of gases in the crater A1phonsus, but _erican scientists /11
discovered, on October 23, 1959, three volcanic eruptions in the crater Aris- )
tarchus. Evidently volcanic activity on the Moon occurs, and the Moon is not
a "dead" world; it probably "lives" a complex internal life at the present time.
A number of scientists believe that the Moones surface preserves traces of
immense processes which cannot possibly assigned to meteoric impacts. The
phenomena of mountain-building and the relief of the Lunar surface may give an
indication of the nature and scales of the volca_ic processes which have taken
place in the Moc-'s history. A detailed geomorphological investigation of the
peculiarities of Lunar relief will permit drawing a definitive conclusion as to
the causes which gave rise to it.

Observations of flashes on Mars and very sound conclusions in favor of the
, _ _ manifestation of active yolcanism on this planet even at the present time are

well known. Thus the Japanese scientist Ts, Sakheki described four cases (1957,
/ 1951, 1954) when he or his coworker observed luaineus points on Mars. In the

first two cases a light flash was observed for 5 minutes, and in the latter case
it lasted about 5 .'.econds in all. Sakheki explains these phenomena as being
volcanic eruptions.

Yellow clouds on the planet's disk ana a general turbidity of _'ts atwosphere
which have been repeatedly observed, especially distinctly visible during
periods of the great oppositions of Mars (1956 and 1971) have naturally been

; associated with the ejection of ash particles during volcanic eruptions, since
i , the assumption of "dust storus" doe_ not withstand its critics because of the

, _ significantly greater vacuua of the Narsian ataosphere compared with that of

_ - the Earth and because of She snslleT intensity oft.he Stm*s action.

| 6
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The abundance of carbon dioxide gas in Venus' atmosphere and its s_, _ ,-
cant dust content point to a high level of volcanic activity. Venus' _,_h
temperature, measured both by radiotelescopes and with the help of the _nner
planetary spacecraft of the Venera series confirms this conclusion.

...One must assume that at such a high temperature on the planet's surf'_ce,
as the American scientists point out, Venus' interior consists of a molten mass,
and its crust has a very insignificant density. This means that there exist
all the necessary conditions for volcanic activity .... The adherents o£ this
hypothesis argue as follows: if Venus' surface is actually so hot and, if
volcanic eruptions are unavoidable, here we have a ready-made explanation of
why the cloud cover around Venus is so dense. The hypothesis seems plausible,
and a matter for the future is whether or not it will be confirmed or refuted.

Volcanic activity on Jupiter is well-known from visual and photographic
observations. The manifestation of powerful volcanic processes on this planet
was directly observed during the period 1961-1965 when the equatorial zone was
covered by a belt of ash particles. Powerful radio emission bursts also
confirm the existence of centers of volcanic activity on the planet's solid
surface.

The astronomers Barnard, Danjon, Lyot, and others have noted many details /12
and changes on the surface of the large satellites of Jupiter and Saturn which
could indicate volcanic activity.

Investigations of the nature of volcanic activity on celestial objects will
undoubtedly help explain not only the mechanism and sources of terrestrial
volcanism but will also bring us closer to unlocking the secret of the formation
of mountains and useful minerals and also to explaining the causes of the
glaciation of our planet at various stages in its evolution.

The Secret of "S_ace Winters" on the Earth

The periods of climatic oscillations revealed by geologists exhibit in
many cases significant coincidences with the periodicity of space phenomena
established oy astronomers. In the first place, one encounters the rather well-
-studied periodic variations in the intensity of solar radiation. Its influence
can probably explain not only minor climatic rhytbJLs - in particular, the 11-12
year periods tong_femiliar to many geologists and paleontologists, but also to
a certain extent the climatic cycles of significantly larger duration. The
nature of the very extended periods of climatic oscillations such as the ice
ages, which were measured in Shous_is of years, is not co_letely clear.

Scientists assume that periods of glaciation of our planet were caused
either by intense volcanic activity, which resulted in dustiness of she atmos-
phere, due to which less Solar_hut .reached the Earth, or they were caused by
space phenomena. It has 6een established by astronomical investigators that

! the Solar System moves in the galaxy at a rasher high speed, amounting to 247

ka/sec at the present tla_. The Soviet scientist P. P. Parenago (1952) has
calculated and constructed _:u approximate orbit of the Sun. He showed that the
Sun is revolving around th_ galaxy's central masses sccordlng to laws similar to

)
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Keplerts laws of planetary motion, i.e., almost along an elliptical orbit. The
time between two successive passages through perigalacticon or apogalacticon,
which he denoted as the anomalistic period of the Sun's motion, amounts to
176 x 106 years 2. Thus the linear speed amounts to 250 km/sec at perigalacticon
and 207 km/sec at apogalacticon.

It is completely possible that the Sun and i*.s planetary retinue have
encountered several times in certain regions of our galaxy e_.ormous accumu-
iations of cold, dusty material. This circumstance would result in a periodic
decrease in the Sun's brightness, and consequently would result in a decrease
in the amount of solar heat reaching the Earth, which would cause a sharp
cooling of its surface. The scientists assume that this circumstance has
occurred several times: 5.2/billion years ago, 2.6-2.2 billion years ago, and /1___3
most recently 1.2 billion years ago.

Investigating the condition of the climate on other celestial objects will
make it possible to find out from the Earth this secret of its period. Actually,
if it should be established that periodic coolings have occurred on celestial
objects of the Solar System at the same times as on the Earth, it would be

T possible to assume with greater probability than today that the ice ages on!

the Earth were produced by space factors.

The Past and Future of ,.he Earth i
!

If one assumes that the Sun was hotter in the distant past than -sent,
the most distant planets Pluto and Neptune would evidently have had
suitable tmperature for the development of life. The Earth's surfa, ._-_s at
this time probably incandescent, to a degree excluding any possibility ,.f the
develol_nent of life on it. But as the Sun's brightness weakened, the planets
Uranus, then Saturn, and later Jupiter, Mars, and finally the Earth, would
have been in a more favorable temperature situation. Thus, together With the
fading of the Sun, a shift in the habitability of the planets from the most
distant to those which were situated closer to the Sun probably occurred. One
nmst assume thatj if this hypothesis is valid_ then a visit to Hats by people

- will establish what awaits our Earth in thefuture, and, having landed on
-' Venus, man will find out what our planet was like in the aistant past. But if

one proceeds on the assusptlon that the Sun was colder in the very distant past,
then iamediately the entire process of the shift in habitability of the planets
would have had to proceed in the reverse order, namely: frol the _lanets
located nearer to the Sun to those more distant from it. In this case, having
visited Mars, people will find out about the past Earth, and Venus will tell
about its future. Thus, it is entirely possible that explorations of Mars and
Ve_s will.allow the Earth's evolution to be established, and also find out if our
Sun is heating up or co@.lin8 off.

, ,L , ,l m i,, ,,i,i _ _ ,=, • _

_ 2The period of a complete revolution mounts to approximately 200 million years
according to the data of the well-known Soviet astrophysicist V. A. Kubartsum-
yah.
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There is no doubt that these scientific discoveries of the highest import_nce
permit making wider cosmogonical and cosmological generalizations. They extend
our knowledge about the structure, composition, and evolution of the Earth and
the entire Solar System.

The Moon_ Vepus_ Marsp a_d Terrestrial Life

The problem of the presence of ,1re forms on other celestial objects is of
great interest. Although this problem has already occupied scientists for a
!ong time, only now is the possibility emerging, however, to cross over from
speculative discussions to specific investigations. Each thinking person poses
himself the question: is mankind the only civilization in the Universe or do
other life forms or other civilizations similar to the terrestrial one exist

beyond the boundaries our our planet? Certainty of the multiplicity of inhabited /1___4
worlds, which has been advanced by many scientist_ already during the last few
centuries, is deeply rooted in the minds of mankind. Ordinarily, when authors
touch on the question of the existence of life on this or that celestial body,
they begin to analyze the conditions which prevail it and p_ove, on the basis
of this, whether life is possible or impossible on it...

The solution of the problem of life in the Universe, -- as Academician A. !.
Oparin validly remarks, - lies not only in whether or not one can imagine if
living beings can or cannot live on a particular celestial body under the
conditions now existing on it but rather whether one can establish if this
complicated form of material activity which we call life could have arisen and
developed on this body in the process _f its evolution. Every celestial body
and, in particular, every planet evolves in the course of its existence, and
those conditions which we find on it now are far from eternal. There could arise
at a specific stage of a planet's existence conditions on it favorable for the
origin of life, which then would gradually adapt to the changing conditions...

Here it is appropriate to emphasize that the problem of extraterrestrial
life forms was of interest to Vladimir Iltich Lenin. He proved that there is
life on the planets of the Solar System and in other worlds of the Universew and
living beings inhabit them. The artist Aleksandr Evel'evich P4agaran3 has told
us _bout this.

.... "It was the end of August 1916/' we read in J4a_rsnls somoiws. _ne
day I was walking with Lenin in Montre/where Lunacharskiy lived at the tlne...
We buarded the passenger ski ship which plied Lake Geneva... The sky was
inexpressibly solemn against the dark velvet background of which the stars were
brightly shining." They began to speak about the stars, about religious myths,
and about the infinity of what exists. The artist advanced several not com-
pletely successful opinions (as he now reca21s with a smile). L,_nln softl_ and
patiently corrected his.

- "Well, what about life? - I asked. -_t_ lif_ under the corresponding
conditions hms always existed - Lenin 8nswered. - It is entirely possible that

/

-_ _4emolrs; see the journs! _ Zh_% No. 4, p. S9, 1960.
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life exists on the planets of the Solar System and in other plac¢_ in the Uni-
verse, and rational beings live there. It is possible that, depending on the
gravitational force of a particular planet, its specific atmosphere, and other
conditions, these rational creatures experience the external world through other
senses which differ significantlyfrom our senses... Notice: --Lenin contin-
ued, - they have assumed until recently that life is impossible in the depths
of the ocean, where the water presses with enormous force. Now it has been
establishedthat different kinds of fish and many other diverse living things
have adapted to life on the bottom of the oceans. They replace the tactile
organs by a single eye, and others illuminate their path by organic luminescent /15
eyes. As you see, life exists even in such conditions under which it would
seem impossibleto us. Much is still unknown to us here, and it is possible to
know thoroughly its nature only by dialectical means... --Lenin concluded."

These remarks of Vladimir II'ich are of exceptional interest for us.
f

' It is necessary to assume that, because of the different conditions on the
planets, the adaptationof living matter to them has turned out differeatiy than

i on the Earth. Therefore, a comparison of the life forms discovered in space with
terrestrial life will make it possible to qualify the nature of its evol,tion
in the Universe. And this will permit either confirming the uniqueness ot the
laws of evolution of living matte- or introducing necessary corrections to the
establishedopinions of the greatest secret of nature - the origin of life and
conditions for its evolution on our planet. It is entirely possible that such
living organisms which will seen,exceedingly useful on Earth may be discovered
on the Moon, Mars, Venus, or on other planets and their satel1_tes.

At the present time many micro-organisms are already widely used in various
technologicalprocesses. Thus bacteria convert grape juice into wine, transform
milk into an acidophile,and produce healing penicillin. It is difficult to
imagine what useful transformationsmicro-organisms of Mars, Venus, and other
celestialbodies will produce for us. It is unquestionable that the natural
conditionson Mars, for example, are significantlymore severe than on Earth,
and perhaps cultured Martian plants will permit us to convert our terrestrial
tundras into fruitful fields?l

BiolGgy and medicine receive new unprecedented possibilities. In this
respect the Moon, the planets, and the sateliites may become dependable
scientificbases for the solution of many problems associated with the vital
activity of the plant and animal worlds.

We will take as an example the interactionof living organisms with a
factor of the external environment such as the force of gravity.

It is well-known that the idea of determining the role qf gravitational
forces in the life of organisms was first advanced by K. E. Tsiolkovskiy in
1925 in his essay "Biology of Dwarfs and Giants". In his opinion the size of
organisms is determined by the force of gravity on the surface o£ the Earth or
some other celestial body. If terrestrial life would have developed on the
Moon, all living beings would have turned out there 6 times larger, and conse-
quently their brains would have been far larger. And, on tl.-contrary, only
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dwarfs would live on Jupiter, where the force o£ gravity is 2.6 times greater
than on Earth.

Similar notions have been advanced by other scientists. Thus, D. V. 1_nom-
son has contended that the majority of terrestrial forms would be similar to
the short-legged digging reptiles in case of an increase in the Earth's attrac-
tion, and on the contrary they would become light and thin in case of a decrease
in the attractive force by a factor of two, and they would be more active and
expend less energy.

It has still not proven successful to confirm the validity of these hypo- /16
theses by direct observations of living organisms. However, there is no doubt
that on the Moon, under conditions of a strongly weakened gravitational field,
on Mars and the other celestial bodies, it will be possible to check this
hypothesis. An important part will be played by investigationsassociated with
the effect on the animal and plant world of space radiation, the absence of a
noticeable magnetic field on the celestial bodies, or, on the contrary, a
c_on_iderablemagnitude of it. For example, the search for living orgal_sms and
the problems of the survival of the terrestrial living substance will enter into
the circle of problems considered by biologists and doctors. It is precisely
on the Moon, Mars, and the other celestial bodies that man will be able to
prepare himself in the biomedical sense for more distant space travels.

Space in the Service of the Earth

In the middle of the last century during the observation of the total
eclipse of the Sun on August 18, 1868, the French astronomer Janssen observed
multicolored lines with the aid of a spectroscopedirected at the Sun's edge.
Among the variety o£ lines already known he noticed one new bright-orange line.
It could not be emitted by one of the mRterials well-known at that time. The

i: American astronomer Norman Lockyer was carrying out observations simultaneously
with Janssen. He also advanced the idea that there is in the Sun's atmosphere
a gas unknown at that time. They called it "helium" (from the Greek "Helios" -
the Sun). They began to search for a similar gas on the Earth. In 1881 they
discovered it in the gases o£ the volcano Vesuvius, and in 1905 they separated
it from the mineral bearing the designation "CleveJte". This example affirms
that one should not exclude the possibility of similar discoveries later on.

-- One must take into considerationthe fact that, due to the restriction en the
region of the spectrum accessible to _nvestigation from the Earth's surface,
elements have been identified in the Sun for only 60% of the cases at the present
time. It is completely understood tha% based on observations from the Moon, it
would be possible not only to identify the remaining chemical elements but also
be possible to discover (similar to the case of helium) new elements not known
up to the present time.

The outbursts and explosions on the Sun, regardless of the almost three-
hundred year duration of their study, starting from the time of Galileo,
remain a riddle as before. Scientists assume that the magnetic fields on the
Sun play an important role in all the phenomena o£ Solar activity associated

.p with the motions and outbursts of charged particles. It will be possible/ with
y
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the help of a special Solar magnetograph, to investi|ate the sagnetic fields of
a star This will permit checking the hypothesis of the Soviet astronomer A. B.
Severny7 that the Solar flares arise as the result of an unusually rapid com-
pression and disruption of magnetic fields resulting in the impulse heating of
a small region of Sol_r gas to a temperature of the order of 15,000,000°C.

We still do not know what produces the remarkable periodicity in the acti-
vity of our daytime star. Now it is quiet, and then fiery hurricanes rage on /17
its surface. It is remarkable that the Sun's activity increases with an increase
of the spots on it. But the more d_ta that becomes known about the Solar sun-
spot cycle, the more mysterious ':he problem seems. A solution of it is of
interestto many specialists. For example, the close dependence of the animal
and plant life of our planet on the aunts activity is not subject to doubt.
During the periods of its heightened activity the number of nervous-psychic and
cardiovascular illnesses increases, the condition of hypertonics worsens, and
an epedemic of grippe engulfs our planet. In 1965 at the seminar "The Sun and
the Biosphere" the physicians ¥u. V. Aleksandrov and V. N. ¥alodinskiy advanced
the notion that in 1968 one should anticipate a large grippe epedemic arising in
connection with an increase in Solar activity. RII those afflicted by grippe in
1968-1969 can confirm this.

The total amount of radiative energy which the Earth receives from the Sun
is characterized by a quantity called the Solar constant. But what its value is
and within what limits it can vary is still not clear. Meanwhile calculations
show that a change in the Solar constant by 1_ should result in a change in the
averzge temperature of the atmosphere by approximately 1_. To what extent this
is a large change is clear from the following example. T} warming recorded on
the Earth at the start of our century (particularly notic_ _le at higher lati-
tudes) was caused by a variation in the mean temperature of the a_aosphere by
0.5°C in a11, and the cooling which began in the 1950s is associated with a
change of the average temperature by 0.3°C in all.

Recent high altitude experiments indicate the possibility of altering the
Solar constant by 2-2.5 percent. But it is still not clear what the nature of

; this phenomenon is.

Observatories of the Soviet Union are conducting continuous observation of
the Sun's activity. Information about the smallest of its suspicious variations
is quickly communicated to the "Sun-Earth" Scientific Council located at the
Institute of Terrestrial Magnetism_ the !onosphere, and Radio Wave Propagation

: of the USSR Academy of Sciences (IZMIPAN). The data received at the Council is
quickly transmitted to Washington,_Toky_6, Australia, France, Czechoslowkia, and
West Germany. Foreign scientists also coan_unicate information on the S_n's

:_ behavior to their own colleagues through their own regional centers . As soon as
increased activity is noted on the _m, a geophysical alarm signal nAler$1" is

_ - then sounded in all countries of the world, iUpon this signal_ geophysical rockets
-are launched frem the firing grounds,, the doael shutters of observatories are

_ opened, and the telescopes are aimed at the Sun.

It is well-known that practical requirements have exerted a dec2sive effect _

, on the development of science and technolQgY. Physics, and priaaril¥ atomic
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physics, today represents the forefrcnt edge of h'_man activity. A deep Lmder-
standing of the elementary particles of high energies and an explanation of the
laws which operate in the amazing microworld is the main direction in the solu-
tion of the problem of controlled thermonuclear reactions.

What can space give physicists in this regard? Undoubtedly quite a lot. /18
In order to investigate nuclear processes with the help of high energy parti-
cles it is necessary first of all to study how to produce them. We obtain
high energy particles immediately with the help of special accelerators. They
consist of enormous electromagnets with a weight of tens of thousands of tons
and with an enormous amount of the most complicated mechanisms.

In our country the most powerful accelerator in the world has been con- i
structed with an energy of 76 billion electron volts. Soviet physicists assume i
that they will probable succeed in obtaining particles with an energy up to
400 and possibly up to a 1,000 billion electron volts.

And ali this regardless of the fact that space attracts the attention of

, physicists more and more. Why? The point is that in order to achieve a deeper )
penetration to the atomic nucleus particles are necessary which possess an
energy of thousands of billions of electron volts. It will be a long time,
evidently, before we succeed in obtaining them on the Earth. They not bnly occur

. in outer space, but there we find gigantic thermonuclear reactors -- the Sun and
the stars - created by nature itself. Vast processes occur in them whose study
wi11 give the most valuable information about the properties of matter and
energy. It is precisely in these natural laboratories that it will be possible
to investigate the behavior of matter under conditions not yet attainable on the )

Earth: practically an ideal vacuum, gigantic pressures, and very high tempera-
tures. Speaking figuratively, the problem reduces to the fact that, having
learned the secret of space thermonuc16ar processes, how do we set fire to the
"Promethean fire" on Earth_ ?

Study of the activity of our daily star has another important scientific
and practical significance. It is well-known that the Sun exerts a decisive
influence on ali biological processes on the Earth, the climatic conditions, the
state of the ionosphere, on which the weather and radiocommunications within the
Earth's boundaries depend. Here is our planet, "bathing" in the Sun's atmosphere,
and tied to it by strong bonds. It reacts sensltively and obediently to each
breath of the star. The stormy processes which take place on it are periodically
accompanied by gigantic outbursts and the ejection of an enormous mass of matter
and energy.

J
Earlier scientists thought that this is reflected only in the behavior of

the needle of a magnetic compass. But then it became clear that the powerful
streams of charged particles coming out of the Sun very noticeably influence

_ the operation of radiocoumunication equipment and also the climate and the
weather. Thus it has been established that the most enormous of all the out=
bursts on the Sun known to scientists, which occurred February 25, 1956 in an

il area ten times larger than the entire surface of our planet, was equivalent in

its power to the explosion of a million hydrogen bombs. This explosion of
colossal force caused a sharp intensification in the flux of particles racing
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away with enormous speed. The intensity of the space radiation at the Earth
increased by a factor of two and one-half. The flux of electrically charged
particles which approached the Earth caused a disruption in the magnetic field
of our planet. At this time a magnetic storm developed in the atmosphere and, /1_9
as a result, interruptions developed in the operation of radiocommunication
equipment, and many other phenomena were noted.

In connection with the development of cosmonautics, whose principal goal
is to reach other worlds, the study of the composition of the energy spectra of

-_ Solar and cosmic radiation takes on enormous practical significance. This is
explained by the fact that such periods arise in the Solar System when, as the
result of flares on the Sun, interplanetary space is filled with radiation
destructive to living organisms. Particularly intense fluxes of Solar protons
have an unfavorable effect on the electronic equipment of spaceships. In
addition, the plasma bursts escaping from the Sun and wandering in near-Solar
space and having a very high temperature can literally transform any spaceship
traveling in interstellarspace into steam. Not knowing of these phenomena, it
is impossible to produce the means fcr protection from them, and it is impossible
to carry out extended flights of spaceships _ich have investigatorson board.
Therefore the investigationof the phenomena in the enormous "laboratory" spread
out between the Earth and the planets is not only of a deep scientific-theoretical
interest, such as an understanding of the s_crets of the transformation of
matter, but is also of far reaching practical significance. It has been experi-
mentally proven that there exists in nature an antisubstancecalled antimatter
alongside the substance called matter. The solution of the problem of the anti-
matter scRrch in the Universe, its accumulation and protection, and ultimately
its us., is of exceptional interest to ma_ind. In the first place, because the
antisubstancew£11 have an enormous cognitive significance, since its discovery
opens slightly for us the curtain of the other half of the world and at the same
time doubles our knowledge of _._ properties of matter. In the second place, the
process of annihilationof matter and antimatter is an ideal energy source frcm
the point of view of efficiency. The "caloricity" of annihilated fuel is
approximatelya thousand times higher than for nuclear heat, which in its turn
is a million times "more calorific" than chemical fuel. Therefore antimatter is

the most Tromising form of fuel for future star flights.

tmosphereless celestial bodies (the Moon, Mercury, and others) may prove
to i_eof inestimablehelp in the searches for antimatter. In this regard the
proposal of the Soviet scientist N. Vlasov to search for radioactive "spots" on
the Moon is a very attractive one. Such spots could arise as the result of the
annihilation of small space strangers - meteors consisting of antimatter, upon
their encounter with the matter of the Lunar surface. An analogous phenomenon
is impossible on the Earth due to the fact that such meteors will be annihilated
in the _errestrial atmosphere.

?

"...Today it will seem highly unlikely to some that it will be possible to
transport payloads from other planets, --said the President of the USSR Academy
of Sciences Mstislav Vsevolodovich Keldysh in one of his maiden speeches. -
But could people really think about regular commnications and contemporary
freight transfer between various continents in an epic in which the technology

_ _ o_ navigation has remained at the level of the pirogue and the raft?..,". /20
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-- There is still no necessity to speak now of the imminent crisis in raw materials
or the energetic maintenance of economics on the Earth, since there are no bases
on whic _ to calculate how large terrestrial reserves and useful minerals are.
You see we now know almost nothing about what is stored at great depths in our
planet. But, of course, the time will come when our offspring are faced with
the problem of developing the industrial reserves of other celestial bodies.
One should take into account the fact that differences and conditions have
probably facilitated the origin on celestial bodies of minerals which are very
rare on the Earth and probably unknown to us in general. Therefore one should
not exclude the possibility of the transportation of some extremely necessary
minerals from other celestial _odies to the Earth.

These are only some examples which clearly reflect the terrestrial aspect
of space accomplishments. They indicate that the objective requirements of
science and economics have placed mankind in a position of having to move out
into space for the purpose of knowing the celestial bodies.

Until recently almost all of natural science (except astronomy) has con-
centrated its attention on the study of terrestrial nature, terrestrial objects,
phenomena, and processes. Space activities give a new powerful stimulus to the
further investigation of fundamental processes and phenomena joining the Earth
and the Universe. It is becoming clear that the study of the Universe is a
very effective means of solving terrestrial problems. Studying outer space and
celestial bodies, science will be guided by knowledge of the Earth and v_e
versu. Such a combination, taken together with a scientifically well-founded
manufacture and technology and with practical and multi-faceted applications of

, knowledge, will result in an uninagined increase in merits power over his material
, surroundings and in a genuine transformation of our cradle - the Earth.

Today we are on solid ground when we say that a new promising stage is
' starting in the development of terrestrial science. New areas o£ the sciences

have developed at the junction with astronomy which concern themselves with the
solution of the fundamental problems of natural science. These are astrobiology
and astrobotany, which study the condition and development of animal and plant
life on celestial bodies of the Solar System, astrogeography and astrogeology,
which utilize knowledge about the Earth to investigate the celestial bodies,
astrophysics and astrochemistry, which reveal the physical conditions and
chemical composition of celestial bodies, and bioastroclimatology and space
medicine, which investigate the effect of climatic and living conditions on the
development of animal and plant life on the planets. Such new areas of know-
ledge have sprung up as selenophysics.(the physics of the Moon), areophysics
(the physics of Mars), aphrophysics (the physics of Venus), and other directions
in natural science.

Space research will facilitate the final confirmation of the fundamental
- philosophical position on the unity of the laws of the Universe generally_ and

including the unity of the laws of evolution of living matter_ with the sugges -_ /2__1
i_ tion at the same time of an infinite variety of the specific forms of its

evolution. The broad prospective which is being opened up by sp_e technology
for the solution of the secrets of the celestial bodies cannot fail to disturb
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mankind. However one should not forget that subsequent investigations of the
Solar System wi11 demand many more scientific searches and a bold flight of
the technological imagination. There is no doubt that new discoveries and
accomplishments beyond the Earth will exert a significant effect on the evolu-
tion of society.

Individual scientific prcblems solved with the help of space technology
will not be directly followed by economic gains. But this does not mean at all
that they will not subsequently play an important role in the evol_ition of human
society. The President of the USSR Academy of Sciences M. V. Kel&ysh has spoken
of the fact that we should know about nature and as much about its essence as we
can use at a particular moment. Here it is appropriate to refer to Hertz, who
discovered radio waves, and Rutherford, who split the atomic nucleus. You see,
they also assumed that their discoveries would not be of practical Jignificance
for a long time. But it only took a few decades in all for life to prove the
reverse.

' The history of natural science indicates that there are no useless dis-
- coveries. Almost each step on the path of knowledge of the physical world finds

this or the other practical application in the end.
i

In our times, when science is more and more being turned into a direct
: industrial force, fundamental investigations take on special significance.

Applied science is always on view in operation and in application. And that is
why its results are visible and tangible. Materializing a theory, it helps in

, the introduction of new discoveries into production.

Fundamental science has a different meaning: it prepares a qualitatively
new jump in the development of industrial forces, making room for scientific-
-technological progress.

What should one conclude from a11 that has been said? First of ali one

should conclude that the investigation and conquest of celestial bodies is not
a useless matter - "knowledge begets knowledge". Space research of the planets
and on the planets have already given rise to new directions in natural science,
moved aside the relative boundaries of mankind's knowledge_ and thanks to this

_ produced new possibilities for mankind's penetration into the essence of the
processes occurring in the Universe, and at the same time it has already provided
today an abrupt acceleration in society's scientific and technological progress.

1
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CHAPTER 2.
FROM MERCURY TO PLUTO

The family of celestial objects which surround our daily star, the Sun, is /2__22
composed of space objects of different sizes. There are 9 major planets in it,
which have in all 32 natural satellites, and there are as well several thousand
minor planets, the so-called asteroids. In addition, interplanetary svace in
all directions is intersected b)" an enormous number of comets and streams of meteoric
material (Figure 1).

": Figure I. Solar System in a Plan View and the Mutual Inclin-
ations of the Planetary Orbits.

- Beginning on October '4, !957, the day o£ the launch o£ the £irst Soviet
artificial Earth satellite in the world, a significant number o£ spacecraft
devices, artificial satellites og the Earth, the Moon, the planets, and the Sun,
has been added to the ha'rural celestial objects.

Already in ancient tJJes people noticed among the multitude of stars popu-
lating the heavens several stars which continually shifted from one constellation
to another, i.e., as if they were wandering. They called them planets (from the

j_ Greek word "planao", which in translation means "I wander"). In ancient times
people observed five such stars with the unaided eye. They considered thee to

_ be mysterious non-deities; therefore the ancient Romans and Greeks assigned to
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each of them the name o£ a god or goddess whose heralds they represented in
peoples' imagination.

The nearest planet to the Sun, which changes position more rapidly than the
others in the heavens and is constantly hidden in the Sun's rays, has received
the designation Mercury - in honor of the messenger of the gods and patron o£
trade and travelers, the god Mercury.

i

The brightest planet, which exceeds in its brightness all the stars and
decorates the heavens with its bluish light at evening and morning twilight, was
called Venus - in honor o£ the goddess of beauty.

The name of one of the gods adored in ancient Rome --Mars, the god of war /23
and military art, was given to the planet having a reddish-orange color resem-
bling the color of blood and the blaze of a fire.

A bright planet, the giant of the Solar System, was named Jupiter in honor
of the supreme god.

The dim ash-gray color of the most distant of the planets visible with the
unaided eye prompted people to give this gloomy planet the name Saturn - the god
of a11-absorbing time.

When the telescope was discovered, three more new planets were seen in the
sky with its help, and according to tradition they were given names from the
ancient Roman and Greek mythology. The planet discovered on _larch15, 1781 by
the founder of stellar astronomy, William Herschel, was called Uranus, the name
of the god personifying the sky. The planet discovered on September 23, 1846 by
the German astronomer Galle, which has a ,_ark-bluecolor with a greenish tint,
recalling the color of sea water, was named in honor of the god of the sea, Nep-
tune. But the name of the lord of the underworld - Pluto - was bestowed on the

planet discovered on March 13, 1930 by the astronomer Clyde Tombaugh. The first
two letters o£ this planet's name agree with the initial letters of the first and /2__4

3, last names of Percival Lowell, who predicted its position in the sky.

_ It is not without interest to remark that one encounters other names in the
v

• literature for the planets, namely: Mercury (Hermes), Venus (Aphrodite), Earth
(Gaia), Mars CAres), Jupiter (Zeus), Saturn (Chronos,_, Neptune (Poseidon), and
Pluto (Hades). The duplicity in the nomenclature of the planets is explained by
the fact that the ideological religious basis of the al.cient Greeks and Romans
was in principle identical, but the names of the gods and goddesses were differ-
ent. The Latin names are the ones generally used, it is assumed to be colrect
to use the Greek nomenclature in making up adjectives which contain roots of
Greek words. Thus, for example, analogous to a geographical map (the terms
consisting of Greek words -"Gaia" -- Earth and "grapho" - writing), a map of

_! Mars is called areographic (from the word Ares), a map of the Moon is called
selenographic (Selena - the ancient goddess personifying the Moon).

! ,_ The planets and their satellites are dark objects of a spherical shape which
do not shine by their own light. If they seem to us to be bright points, t'tis is
because they reflect sunlight. Based on their dimensions, mass, density, chemical
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composition of the atmospheres, rate of rotation, and other characteristics,
they are divided into two groups: the terrestrial planets and the giant
planets.

The first group contains: Earth, Hercury, Venus, and Hars, i.e., planets
which are closer to the Sun. They have comparatively small sizes (5-15 thousand
km in diameter) covered by a crust of solid material. These planets have a high
average density (5.9-5.5 g/cmg). Their atmospheres are negligible with regard
to their mass and volume and are very tenuous in comparison with the planet°s
remaining mass. The atmospheres of Mars and Venus consist primarily of nitrogen
and carbon dioxide. All the planets of this group rotate comparatively slowly
about their axes. Some characteristics of these planets are given in Table 1.

The giant planets consist of the following: Jupiter, Saturn, Uranus, and
Neptune; their dimensions are very large (from 4 to 11 Earth diameters), and
their densities are on the contrary very small, 2.5-5 times less than the Earth's
density. They rotate very rapidly about their axes; therefore the days on them
last from 10 to 15 hours. Because of the centrifugal force generated by such
rotation, these planets are flattened at the poles and bulged in the equatorial
plane.

The giant planets are located at significantly lar_er distances from the
Sun; therefore their surface temperatures are very low, minus 140°C and lower.
These planets are covered by dense atmospheres consisting of heavy gases: •

methane and ammonia. Hydrogen and its compound:_ with carbon- methane (CH4)

and with hitrogen - mmonia (NH3) constitute a significant part of their mass.

As one goes deeper into these planets, the gaseous state gradually turns into a
liquid condensed state. This occurs at a depth of several hundreds of kilometers. /2_ff7
The large masses of these planets and their distinguishing enormous distances
permit them to maintain a family of satellites near themselves. First in this
regard is the planet Jupiter, which has 12 satellites, and second is Saturn,
which has 10 (the last of them was discovered in 1966 by the French astronomer
A. Dollfuss). Uranus and Neptune have $ a_i 2 satellites, respectively. Some
characteristics of the giant planets are given in Table 2.

_" _ The most distant planet, Pluto, stand.- out. It is an exception to the group
of outer planets. Its calculated mass and size indicate an iuprobably high
density of matter (50 times greater than the density of water, which, however,
cannot be considered as an exactly-established fact). It moves in an elongated
orbit which is highly inclined to the plane of the ecliptic; therefore some
astronomers have suggested that Pluto may at one time have entered Neptune's
system and may possibly have been its satellite, but then some forces or other

_ tore it away from this system.

_ At the conta_orary level of terrestrial telescopic technology the discovery
of new planets is a very difficult matter. Searches of the entire sky with a

_ grasp of all objects whose brightness is at the liait even for the most powerful
telescope in the _rld would ha_o required many centuries. You see, the la_er
a telescope is, the proportionally saaller is the region of the sky it photo-
graphs.
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TABLE1. FUNDAMENTALPROPERTIESOF THE TERRESTRIALPLANETSAND THEIR GRBITALELEMEN_

Orbital Velocity

L (Linear), km/sec
Distance, Millions o£ km o_ Period o£ Gravi

Planet From the From the-- _ _ Revolution Acce3
Sun Earth _ _ (Terrestrial Days) Axial Rotation at

jm_ u_ ._ "_ _ Average Value Period, Days, Sm
:_ __:[ _ x _ _ _ < _ Sider._al .S_nodic Hrs. _ Min. cm/- L I, --

Mercury 46 69.8 57.9 82 217 58.94 38.83 47.83 87.9 115.88 58 days 16 hrs. 368

Venus 107.5 108.9 108.2 39.0 260 35.24 34.60 35.00 224.7 583.9 243.1 days

Earth 147.1 152.1 149.6 - - 30.00 29.54 29.76 365.2 - 23 hrs. 56 min.
O.S sec.

Mars 206.7 249.1 227.9 56.4 401.2 25.56 24.72 24.11 687.0 779.9 24 hrs. 37 min. 3
23 sec.

i

.... I .....

•_ _ _ Avera2e Velocity. _Um/sec _Jration o_ Transfer m
Planet Inclination of ._ ._ m.... _ _ • m Flight (Earth Days)

Planet's Equatorial _ _ _ Escape Velocity for With the Third o
Plane to its u _._ _ (Second Flight from Along an Comic VelocityOrbital Plane u ._

r = m m _ U Cosmic) Earth Ellipse of 16.67 km/sec z

Mercury ? 0.205 :)_liN0 2.94 _ 4.2-4.3 13.5 10S - -

Venus 178° 0.007 12106 7.23 10.37 11.5 146 - -

" Earth 23027 ' 0.017 12754 7.91i 11.19 - - - 1

Mars 24048 ' 0.093 6620 3.6 5.03 11.6 259 70 2

FOLDOUT FRAME FOLDOUT FI_
I :2

................. _ -_ -,_-- ,-4._,__ . .....
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ERTIES OF THE TERRESTRIALPLANETSAND THEIR ORBITAL ELEI_NTS

_,bital Velocity ._
Line.at), km/sec _ _ o

o Period of Gravitational _ e
o Revolution Acceleration • _

._ _ _ Axial Rotation at the _m _
, _ _ _ Avera •Va_._.___ Period, Days, Surface, _ _ mk
•_ d.< _ Sidereal Syn...od.ic Hrs., Min.. cm/sec2 _ = m.

I ,t-

:,94 38.83 47.83 87.9 115.88 58 days 16 hrs. 368-374 0.38

_.24 34.60 35.00 224.7 583.9 243.1 days 888 0.90

_.00 29.54 29.76 365.2 - 23 hrs. 56 min. 981.4 1.0
O.S sec.

_.56 24.72 24.11 687.0 779.9 24 hrs. 37 min. 388 0.38
23 s_.

IE

l

_Average Velocltv. k_/sec _ _u o i m_ o
O_ e '

FliEht (Earth l)a_ys) ' _ _ _ _ . _ I

Escape Velocity for " ] "ith the Third o. _ _ i ) "_,'_ _" _' l(Second Flight from Along an[ Comic Velocity - m

i
2.94 4 2-4.3 13.5 lOS - - 90-136 19-29 'I

7.23 10.37 ll.S 146 - - 612-621 168-171 l

7.91 11.19 - - - 1 913-944 2S6-265

3.6 5.03 11.6 2S9 70 2 $24-631 117-142 t
_ ,m _ i | | , _ , , ....

FOLDOUT FRAME
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TABLE 2. FUNDAMENTALPROPERTIESOF THE GIANT PLANETSAND THEIR ORBITAL

Orbital Velocity,
kmrsec

Distanc_ons of ioc Periods of
Planet i---_ _ o_ Revolution

Sun Earth _ _ , . -

_..----- _ <_ Sx "

Jupiter 740.q 815.9 i =778.3_ 591 ] 965 13.69 2.44 L3.05 9 hrs. SO

,ep_..eL_1 _1 ,_._ L_o_t_,_ _.,, _._ _.,_ ,-1_hr.

Average Velocity, kin/see
-- ,

:' Inclination _ _ _ J_ "_ Duration of ?ransfer
-_ of Planet ' s _ _ _ Minimal
,+ Planet Equatorial _ _ _ Velocity

i°i " 'I
_ Plane to _ =o _ for Flight With the _

i _ its Orbital _ _._ _ m o _rom the Along an Cosmic Vel
,Plane m _ _ u . m _ .. Earth Ellipse of 16.7 km.......... _ ,_ i ,,

: =: Jupiter 5007 , 0.048 159.76 42.5S 60.4 14.2 2 yrs. 267 days 1 yr. 59
, _

Saturn 26"45' 0.05_ 116700 25.66 56.4 15.2 6 yrs. 18 days 2 yrs. 1c

_ Uranus 98000 , 0.047 SlO00 15.07 20.8 lS.9 16 yrs. 14 days 6 yrs. 28

_: _eptune 29° 0.008 SO000 16.57 23.7 16.2 50 yrs. 225 days 12 yrs 5

; Pluto ? 0.247 - 7.45 ~15 16.5 45 yrs. 119 days 19 yrs. 9

$
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I

r
_ r_. _._ _ ....... _ ....... _

PROPERTIES OF THE GIANTPLANETSANDTHEIR ORBITALELEMENTS

......Orbltal . •-_j'oc_;", L @

kin/sac .._
. _

m o
Periods of _ _o

'_-- _o Revolution _ _
"- U_4.-

"_ _i_ Gravitational m _

'_ _ Axial l_otat_on _ Acceleration ._.-
_ u_ Average Value _ m

,.< _ _ < _ Sidereal Synodic. . period ... cmlsec 2
, t

13.69 12.44 13,05 4332,6 398.8 9 hrs. 50 min. 2620 2._7

10.18 9.14 9.64 10759.2 378.1 I0 hrs. 14 min. 1150 1.17

7.12 6,48 6.80 30687 369.6 10 hrs. 47 min. o13 0.83

5.47 5.38 5.43 60184 367.5 8-15 hrs. 1!30 1.15 ,, I

I 6,10 3.67 4.81 90700 366.7 ? >2000 >2

Minimal

_'_ Velocity Flight (Earth OaY,_ to O _ ) o _ l

• o Earth ¢ a]o£ 16,7 kin/sac" " _ ): _"

t'm_ for Flight Wlth the Th£rd _ _
_ m o from the Along an Cosmic Velocity °_ "_

m _ Ellinse o _ _
m _ .

'.SS 60,4 14.2 2 yrs. 267 days I yr. 39 days 12 4S870- 22890-
50340 2522O

,.66 36.4 15.2 6 yrs. 18 days 2 yrs. 194 days 10 51500- 22770-
57580 25460

,.07 20,8 15.9 16 yrs. 14 dcys 6 Yrs. 282 dsys 5 49350- 18090-
54250 ] 988O

• .57 23.7 16.2 ._0 yrs. 225 (lays 12 yrs. 343 days 2 86100- 32090-
87590 32650

_.43 ~15 16.3 45 yrs. 119 _ys 19 yrs. 91 days ? 26670- 7420-
44170 12290
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TABLE3

_a4a

•r4 P-I

0E _0 4a

+J _a _ t_ _ ._ _ _ o ._. _ 0
u_ _ _ _ _ _ _a _/_ _ ._ 4a _ .,_

o _ _"_,-_ _ _-_ _ _-_ _ q_ o 4a _ _ t_ _ _

_) .,-I .e¢

E ° _ o o

Jupiter
Ganymede 1071 5000 +- 75 15.4.1025 2.35! 0.167 2.92 0.0015 3.06 7.15
Callisto 1884 4700 + 75 8.7.1025 1.59 0.106 2.24 0.0075 3.02 16.68
Io 421.8 3470 _+50 6.98.1025 3.19 0.158 2.34 0.0000 3.07 1.76
Europa 671.4 3100 + 60 4.68.1025 3.03 0.134 2.03 0.0003 3.07 3.55

_turn

Titan 1222 4850 -+ 50 1.38.1026 2.32_0;160 2,79 0.0289 26,07 1594

Neptune
Triton 353.7 3770 1.38.102_ 4.9 0.264,i 3.2 j 0.0000 139.49_ 5.87

•The surface gravity of the Earth is taken as one.

However, scientists assume that a large telescope located, for example, on
the Moon or Mars, will permit conducting these investigations more efficiently.
It is evident from what has been said that the Solar System is a very mixed
"population" - from burning hot Mercury to very cold Pluto and from celestial
planets o£ the terrestrial group to such giants as Jupiter and Saturn.

How did such a complex group of varied celestial bodie_ come into existence?
What has their past been? What awaits them in the guture? The answers to these
and other questions are o£ exceptionally important practical significance to
the inhabitantso£ the Earth.

Satellites of the Planets
H u

Up to now 32 o£ them have been discovered. No satellites have been dis-
covered for Mercury, Venus, and Pluto. However, 1£ the presence 0£ yet undis-
covered satellites with a diam(=er greater than 1/2 km belonging to the planets
near to us can hardly be expected, then Jupiter may posslbly have satellites

" with a diameter larger than 10 km and Saturn, Uranus, and Neptune may have
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satellites with larger dimensions (up to 200-400 km in diameter) which are
impossible to see with contemporary telescopes. Objects of an undoubtedly
planetary nature with dimensions correspondir, g to the Moon and Mercury stand out
among the satellites. Some of their characteristics are given in Table 3.

Minor Planets _Asteroids _ /28

They move between the orbits of Mars and Jupiter in the form o£ a so-called
asteroidal ring situated at a distance o£ about 25 astronomical units from the
Sun. They move in one direc'.ion, completing a complete revolutlon around our
daily star in 5-6 years. On January 1, 1970, 1746 asteroids had been recorded,
and they have been entered into a special catalog. The largest of them- Ceres -
was discovered on the first day o£ the nineteenth century, its diameter is 768
km. The smallest asteroid has a diameter of 1 km. Along with the asteroids
moving along almost-circular orbits, one also encol nters asteroids which possess
exceedingly elongated elliptical trajectories. Some of them pass within the
orbit o£ Venus (for example, Hermes) and even move inside the orbit of Mercury.

' Observations of the asteroids show that they are shapeless blocks. The asteroids
do not have atmospheres. It is suggested that they were formed as a result ofI

, the disintegration of one or several planets of the Solar System. _The total
number of asteroids which may be discovered with the help of the largest tele-
scopes is estimated to be 50,000.

Comets

This word in translation denotes "hairy" or "long-tailed" stars. During
the entire period of observational astronomy more than 2,000 appearances of
comets have been noted in chronicles of various nations. Comets are special /29
objects of the Solar System both with regard to their external appearance and
physical characteristics and also with regard to *_heir motion. In contrast to
the asteroids, they consist of a nucleus surrounded by an envelope consisting
of small particles of matter solidified at very low tomperature. This compli-
cated conglomerate of frozen ice and the usual refractory compounds begins to i

- evaporate as it penetrates into the inner reaches o£ the Solar System, and a hazy
gaseous envelope is formed up°n its approach to the Sun under the influence of
its thermal radiation. While the comet is located far from the Sun, it has the

-- shape of a faintly Imninous obscure circular little shape, and it is difficuit
to observe it. But upon its ¢losest approach to the Sun (at perihelion) lumi-
nous gases and dust particles emanate from the nucleus, which is heated t y the

. solar rays, and the comet's brightness sharply increases due to this. The
'dimensions of the hesd of comets are very large in comparison with the dimensions
of the Earth; however the solid nucleus of comets has a radius o£ several kilo-
meters in all, and many have even smaller radii. The gaseous and dust particles
flowing out from the nucleus do not remain in the comet's head, but they are
pushed away from the nucleus by solar radiation pressure in a direction opposite
to the Sun. Stretching out in a continuous flow, they form the comet's tail
with a length o£ hundreds o£ Billions of kiloBeters. Losing a significant

:_ - portion o£ its material, the comet forms a large luminous envelope in space
_. _ which, together with the nucleus, constitutes its head. The gases, absorbing
.... solar', light, give their own emission spectrum in the form o£ individual bright _.,

bands belonging to various molecules. It is not without interest to remark that
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some comets which have passed through the Solar System have forever receded from
it, while others, such as the so-called periodic comets (about 40 of them have
been discovered) have, on the contrary, flown past the Sun along a very elongated
orbit and return again to it after a specific time. Thus, for example, Halley's
comet --the most famous of the periodic comets - returns to the Sun at a rigor-
ously specific time.

The density of the envelopes of comets is only a few ten-thousandths of the
terrestrial atmosphere's density. Our piauet has already repeatedly been
embedded in the tail-part of comets. The last time this occurred was on May 20,
1910, when the Earth was immersed in the tail re_ion of Halley's comet without
having experienced any i11 effects. The next passage of this comet will occur
about 1986,

Meteoric Objects

Solid particles - the so-called meteoric objects - move in interplanetary
space along uncalculated orbits around the Sun with enormous velocities (up to
40 km/sec). Flying into the terrestrial atmosphere at enormous speed, they are
heated up from the friction of the air, become incandescent, and give rise to
luminous phenomena such as showers, the so-called meteors. The phenomena of
meteors, which have been studied in the course of the last century and especially
intensively in the last two decades, and also direct experiments carried out on /50

: spacecraft, indicate the presence of matter in interplanetaryspace which is in
a finely-crushedstate and which moves in the form of individual particles or
clusters of them. The orbits and parameters of the motion of certain meteor
streams are known, and an encounter with them can be calculated. This dusty
material is distributed very non-uniformly in space. A denser dust envelope is
formed around the large objects (planets and their satellites) as a result of
gravitational attraction. Condensations of dust, forming various dusty "clouds"
or meteor swarms - streams, can be produced in interplanetary space itself.
Moving along their rigorously determined orbits, they periodically encounter the
Earth, and then we observe meteor streams (_'£allingstars") incident on the
Earth. Many of them have been assigned their own names according to the constel-

, lations in whose direction they are visible. Their falling is confined to
certain timds of the year. For example, the Perseids occur on August 10-14, the

: Leonids on November 16-17, the Geminids on December 12-13, and so forth. The
number o_ "falling stars" (meteors) varies from several to many thousands. For
example, on October 9, 1955 the intensity of meteor falls reached 150,000 per
hour.

: Bolides and Meteorites

The largest meteoric objects entering the Earth's atmosphere glve rise to
appearances of large bright meteors or fireballs exceeding the brightness of
Venus. Such bright meteors are called bolides. Due to the high temperature_
a bolide melts and disintegrates into individual sections. These remnants of
the meteoric object broken up in the atmosphere which are incident on the Earth
are called meteorites.
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The investigation of them has sho_'n that on the basis of their mineralogic
compositior_ the majority of them are stony and only a few are iron or iron-stony.
The chemical composition and structure of meteorites indicates with assurance
that they are fragments of the crust of planetary objects.

Several years ago the Polish astronomer Kazim-= Kordilevskii discovered the
existence of dust clouds moving around the Earth near the libration points.
This discovery was confirmed by other astronomers. In December of 1966 Kordilev-
skii communicated his new discovery, made on an expedition of Polish astronomers
in Africa. They established that a significant fraction of the illumination of
the zodiacal light is located in the plane of the Moon's orbit and that the
Earth is thus surrounded by a ring of meteoric material similar to Saturn's ring. i
Observations carried out by spacecraft indicate the presence around the Earth of
a rather dense collection of the finest dust, which is constantly entering and
being dissipated in the Earth's atmosphere. On the basis of the latest data the
Earth encounters from 2 to 20 thousand tons of meteoric particles everyday.
There were attompts to estimate the amount of material brought to the Earth,
but these data have a very large dispension (from 10_ to 109 tons per day). /51

In the recent past outer space was imagined to be a uniform and structure-
less vacuum, practically devoid of any physical properties except the character-
istic inherent in "empty" space of containing in itself matter, fields, and

: radiation. However in the course of investigations with the help of spacecraft
in near-Earth outer space, radiation belts were discovered, namely, three-ring
shaped regions "filled" with charged particles, and also the geocorona, the
tenuous hydrogen envelope of the Earth with an extent of 30,000 km, and a belt
of micrometeoric dust located at altitudes of from 500 to 500 km above the
Earth' s surface.

Near-Earth outer space consists of a varied and complex structure of tenuous
matter, space dust (micrometeors), gravitational and mag_etic fields, and elec-
tromagnetic radiations, k structure of interplanetary space is no less compli-
cated. It is filled with magnetic fields and streams of solar plasma which

' comprise a tenuous atmosphere of the Sun extending out to the orbit of Mars and
possibly further. Cosmic rays of galactic _rigin, solar cosmic rays, plasma,
magnetic, gravitational, and other fields are found in very complex interaction
and interrelationship.

If we thoughtfully glance at the Solar System. taking into account the
masses of the planets and their satellites which populate it, grom the direction
of the North or South Pole of the Earth, for example, interplanetary space would
see_ completely mpty to us. Actually if we imagine the Sun as a sphere whose

= diameter is 70 cm (the :_ize of a large ball), the diameter of the p|_netarv
system out to the orbit of Pluto would amount to 5 ks, and the Earth and Venus
would be lost in this space like peas. The sizes of Mars and Mercury would be
even smaller. (

All of interplanetary space can be conditionally _ltvided into two concentric

i zones: the "wars" zone awl the "cold" zone. Their boundary lies between the (

• _ orbits of Mars and Jupiter. This division into two sharply dissimilar _ +
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temperature zones has a very significant meaning to the hydrologic, life-
-support, and other characteristics of planets.

The density of the interplanetary medium is estimated to be 10 -22 g/cm -_ -:,

" -the average. What does this mean? If the matter were imagined to be pure
iron, then one atom of it would be contained in 56 km3 of space, and if it were
filled with nydrogen, there wou]d be one atom per km3 of space.

Motion of the Planets

The Solar System is an enormous disk. The _'_ of rotation of the Sun
itself is inclined to this disk at an angle of about 85 °. The plane of the
Earth's equator is inclined to the ecliptic at an angle of 25°27 '. The inclin- /52

j ation of the equatorial plane of Mars to the plane of its orbit is approximately

the same as that of the Earth; it is equal to 24048 ' . The planes of the equa-
tors of Venus and Jupiter lie almost in the ecliptic plane, and their rotational

axes are almost exactly perpendicular to it. All the planets move around the
Sun along elliptical orbits _, in one and the same direction, in the counter-
clockwise direction if one observes from the direction of the North Pole of the

celestial sphere. The orbital planes of all the planets almost coincide with
each other and are situated near the plane of the Sun's equator. The angle of
inclination of the orbits of the planets to the ecliptlc plane is insignificant
(up to 7 ° with the exception of Pluto: it has an inclination of 17°). These
facts make possible the complete use of the orbital speeds of the planets for
flight along interplanetary trajectories.

Due to the e11ipticity of the orbits, the distance of each planet from the
Sun varies periodically, it is true, within small limits. A planet's speed of

* motion along its orbit also varies: the planet has the greatest velocity u_n
passing that point in its orbit nearest to the Sun, which is called perihehon,
and it has the smallest velocity upon passing that point in its orbit most
distant from the Sun, which is called the aphelion. For example, our'planet has

_ a speed of 29.27 km/sec at the most distant point of its orbit (aphelion- A)
- and a speed of 50.27 km/sec at the nearest point of its orbit (at perihelion --P).

_ The nearer a planet is to the Sun, the faster is its velocity. The periods

.i of revolution of the planets around the Sun are associated with their average
_ distance from the Sun by the relationship: the squares of the revolution times

of the planets are proportional to the cubes of their average distances from the
Sun (Kepler's third law). This law "ties together" all the planets into a single
systm and pernits calculating the average distances of the planets from the Sun

_i .! - in astronomical units of length (A.U.s.).from observations^of their revolution
periods. The Twelfth International Astrononical Union (1964) adopted as such a

i unit the average distance from the Earth to the Sun, which is equal to 149,597,900
km.

_Since the attraction of the Sun and other planets exerts an effect on the
• orbital motion of the planets_ their_orbits are not exactly ellil_ical.
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The majority of the planets rotate about their axes in the direct sense,
i.e., from west to east, in the direction of the orbitj with the exception of
Venus, which very Slowly rotates in the reverse direction, and Uranus, which is
lying on its side. Almost all the satellites of the planets also move in the
same direction as the axial rotation of their r_.:i_ets. Only part of the satel-
lites move in the direction opposite to the planet's rotation. These are the

= satellites of Neptune --Triton and Nereid, the two inner satellites of Uranus,
the satellite of Saturn named Phoebe, the four outer satellites of Jupiter,
and a fifth satellite of Uranus. Some groups of satellites form a miniature
replica of the planetary system (Uranus' system, the main satellites of Jupiter).
Peculiarities in the structure of the Solar System and the motion o£ the planets
and their satellites indicate that the Solar System is not a random collection

_ of celestial bodies having a different origin, but represents a integral /3__3
regularly evolving system.

The motion of each planet can be easily imagined if one knows the shape and
position of its orbit in space and also the position of the planet in its orbit.
There are six quantities which characterize these data. Two of them determine
the orbit's position relative to the ecliptic plane, three determine the dimen-
sions and orientation of the orbit iu its plane, and one determines the planet's
position in its orbit at a specific instant of time. Since four of these parame-
ters have a direct relationship to the problems of interplanetary transfer
flights discussed in this book, it seems advisable to dwell on their character-
istics in some detail (Figure 2).

:, The orbit of any celestial body -
._._ ., 't ,. member of the Solar System- lies in a

, _° - :_ -"_ plane. The principal plane in space
:_ relative to which the position of any

_: ,.,." other plane is determined is the ecliptic
' / " plane, i.e., the plane of the apparent

_..,... annual motion of the Sun.
i :_

: _, _ :i .... .=.' ........:./::L:.. The plane of an orbit is inclined
(as shown in Figure 2) to the ecliptic

; Figure 2. Elements of Planetary plane by an angle i, which .s called the
Orbits: h_4, Line of nodes; inclination of the planet's orbit to the

: i, Inclination angle of the ecliptic. The Earth's orbit, as that o_
, orbit's plane to the ecliptic any other planet, has two special points -
_ plane; fl, Longitude of the the apsides. At one o_ them- at aphelion

ascending node; A, Aphelion and (point A), the Earth is situated at its
P, Perihelion of the planet's maximum distance from the Sun, and at the

_ orbit; _, Angular distance of other- at perihelion (point P), it is
the perihelion from the node; situated at its minimum distance from the
T_ Equinox. 1, Ecliptic plane; Sun. The line which joins the points of
2, Plane o£ the planet's orbit, the apsides is the major axis o£ the

ellipse oR the terrestrial orbit. One-haiR
of the major axis is the so-called semimajor axis. The line oR intersection oR
the orbit's plane and the ecliptic plane bears the designation of line of nodes.
The point oR a planet's orbit coinciding with the ecliptic plane at which the
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: Earth is located upon passing from the southern hemisphere of the celestlal
sphere to the northern is called the longitude of the ascending node _ - the

. angle between the direction to the vernal equinox point and the line of nodes.

:_ The compression of the ellipse is characterized by the eccentricity

_!_°: ___ _i _iwhere b is the semiminor axis of the planet's orbit. The eccen-
tricity is also equal to the ratio of the distance from the ellipse's center to
its focus _n the major axis.

The eccentricities of the orbits of the major planets are not large; the /34
largest eccentricity is that of Pluto, which is 0.247, and the smallest eccen-
tricity is that of Venus, which is 0.007. Mercury has an eccentricity of
0.205, while that of the Earth is 0.017. If we draw the Earth's orbit with a
semimajor axis of one meter, the semiminor axis will be 1/7 mm shorter in all.

: The orbits of spacecraft, such as satellites of the planets and inter-
_ planetary spacecraft, near the planets are characterized by analogous elements

with the only difference being that the inclination of their orbits is specified
with respect to the plane of the planet's equator, and the designations of the
extreme points of the orbit include the planet's name. For artificial satellites
of the Earth these points are called perigee and apogee (from the Greek "Gaia" -

: the Earth), for Venus - peri- and apovenus, for Mars - peri- and apomars, for
:: Saturn- peri- and aposaturn, and for Jupiter -peri- and apojove (from the
' Latin name for Jupiter --Jove); the extreme points of the orbits of artificial
_ Moon satellites are called peri- and aposelene.
5"

Conditions for Observation of the Planets
:_ i i,_ i •, ,J

_L

i_ Based on the conditions of observation from the Earth, the planets are
_ divided into the inner (or inferior) and outer (or superior) planets. The inner
_ planets include Mercury and Venus, whose orbits are situated completely inside

_ the terrestrial orbit. All the remaining planets belong to the outer group.
_ Since the conditions for observation of the outer planets differ very signifi-
_/_ cantly from the conditions for observatien of the inner planets, we will discuss
'_: them separately-:, 6

Let us b_in the d_scussion of conditions of observation of _he outer
_ planets with the configuration called conjunction (the position AA' in Figure 3).
_ , In this case the planet is located on a straigh_, line behind the Sun. It is
_ inaccessible to observation. After some time the planet and the Earth will
_ occupy the position BB'. The planet will be vi._ible west of the Sun, and its
_ western separation will increase daily, and because of this it will rise earlier

il and earlier each day, and the conditions for its visibility will be noticeablyimproved. In the position CC' the planet rises about midnight and is visible
right up to dawn. At position DD', which is called opposition, it rises in the /3__5
evening at sunset and set_ in the _ornlng at sunrise, i.e., it is visible all
night.
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" _ If at this time the planet is located
Direction of diurnal rotation, at its minimum distance from the Sun, the

_e_i conditions for its observation are the
_ most favorable.

C' After opposition the separation of

Dt_ _ / _L.__ the planet to the east of the Sun begins,

J_D C and the conditions for its visibility. / Fi_: _ gradually deteriorate: with each day it
E sets earlier. In the position EE' the

planet lies at an ang]e of 90 ° east of the

_, _, o_>_I Sun. At the time it _ets, it is located
in the southern part of the sky and sets
about midnight. After some_time the

F,_ £ i . _._" / planet now becomes visible against the

' -""A-_:_.'__/'- background of the evening twilight, andi then its next conjunction with the Sun
. approaches (position FF'). i

Orbit of_._.asuperior..,., planet 1
.... Observations of Mars from observatories

Figure 3. Configurations of situated in the temperate zone of the ]I
Superior Plauets. northern hemisphere are Ve_-y-difffcult

since at this period it is located low
above the horizon and moves among the southern constellations of the sky -
Sagittarius, Capricorn, and Aquarius. Crossing low above the horizon, it appears
in the sky for only a short time. It is necessary to observe it through a

: _ -- large thickness of turbulentr_agitated air, Due to this planet's image on
photographs appears indistinct, and therefore it is impossible to investigate
"fine" surface details on them. The observational conditions are more favorable
from observatories located in the equatorial region and in the southern hemis-
phere of our planet, because Mars is located almost at the zenith above certain
regions of the Earth.

Let us begin the conditions for observation o£ the inner planets with the
configuration (Figure 4, position _A') in which an inner planet, for example,

i Venus, is situated at so-called inferior conjunction S. Since its orbit is /5_6
'" inclined to the plane of the Earth_ orbit by 3", it is located at this time

somewhat above or below the Sun, and there£ore in the daytime Venus is hidden
_: in the lumineus aureole of our daily star and it is dif£icult to observe it at

this time: the bright background o£ the sky £rom the light scattered by the
Earth's atmosphere is a hindrance. It is possible to see it only in a telescope.
After some time Venus, having a larger orbital velocity than the Earth, ¥ill
begin to move away to the west of the Sun, and it will become accessible to

.... , ,ml .i. i| H i i ,, i H i i i1_ _ , _

5Conjunction with the Sun is the position of a planet in which its longitudei
(in the ecliptic system of coordinates) is equal to the longitude o£ the centerof the Solar disk. Conjunction can be superior or in£erior. At superior

_ conjunction the distance from the observer to the planet is larger than the
distance to the Sun (the planet is located behind the Sun), and at inferior
conjunction it is smaller (the planet is situated between the Sun and the
observe_).
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observation in the mornings before sunrise. In the course of the subsequent
mutual shifting of the planets along their orbits this western elongation from
the Sun gradually increases and finally attains the largest angular value, the
so-called maximum western elongation 6 (the position BB'). Subsequently theJ

distance from Venus to the Sun gradually diminishes, and the conditions for its
visibility in the morning deteriorate and finally at position CC', at so-called

: superior conjunction, it again falls within the bright aureole of the Sun and
will be "hidden" in it in the daytime. Nevertheless Venus continually moves
away more tO the east (to the le£t) of the Sun and becomes visible now in the
evenings after sunset. At the position DD' (eastern elongation) the best condi-
tions for its observation are again produced. At this position its brightness
is very great; it exceeds even the brightness of the brightest star - Sirius -
by almost a factor of 151 Even the Roman scientist Plinius, who lived in the
first century of our era, reminiscing about Venus said: its light is such that
it is the only one of the planets which casts a shadow. Nevertheless the con-
ditions for its observation deteriorate with each day, until the planet again
arrives at inferior conjunction (the position EE'). Venus is never observed in
the sky during an entire night. Either it, like an evening star, sets a few

: hours after the Sun, or, like a morning star, it appears shortly before sunrise.
Assluning that this is two different planets, the ancient Greeks gave th_ differ-
ent names -- Phosphorous and Hesperus, corresponding to the morning and evening

: visibility of the planet.

: During the entire cycle discussed by us the distance to Venus has varied
_ from 40 million ]on at its nearest approach to the Earth (inferior conjunction)
0 to 260 million km (superior conjunction). Unfer_unately, when it is nearest to

the Earth Venus has its unilluminated side turned towards us, and therefore it_

is not visible. Near this position Venus shows us a very narro_ crescent.
--- The further it recedes from the Earth, the wider the crescent becomes, but in

return the smaller it becomes. Venus is the only one of the planets which one
can observe even in the daytime with the unaided (by binoculars or a telescope)

_'r eye when the Earth's atmosphere is very transparent. It is visible in the bright
!_ _ --_golden rays of the rising or setting sun. As i£ it were a small diamond_
i' it sparkles in the blue vault of heaven, adorning it and never failing to /5__7

attract the attention of people.

_' Why does Venus shine so brightly? The fact is that it _s £ar closer to
_ the Sun than the Earth and Mars; therefore the intensity of the Solar illumin-

_i ation of its atmosphere is approximately two times greater than the intensity ofthe illumination of thr Earth's atmosphere. And it is well-known that the
illumination of objects is enhanced in proportion to their nearness to the source
of light in inverse proportion to the square of the distance. But _ince Venus

{! is 1.58 times closer to the Sun than the Earth, the illumination of its surface

i ............................................

6Elongation is the angular distance of a planet from the center of the Solar disk
(relative to the observer). The largest elongation or largest separation is
the position o£ an inferior planet at which its angular distance to the Sun is
a maximum. The largest elongation is called western ig the longitude o£ the Sun
is larger than the longitude of the planet and eastern i£ it is smaller.
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is (1.58) 2 - 1.9 times greater. The dense reflecting white cloudy covering of
Venus has a very great reflectivity. It reflects about 60% of the Solar radia-
tion incident on it; all the radiation of the visible Solar spectrum is
reflected almost the same. This is characteristic of planets having an aunos-
phere. Celestial bodies which do not have atmospheres possess very low reflec-
ttvities. Thus, for example, Mercury and the Moon reflect only about 7_ of the
Solar radiation in all.

- 1
._-;-_ _'_'0_ thd_ ''. '_" - Above, we said that the best

..o_:_ 9_eC__/_; %_ __ _- conditions for observation of the

:___o_,_,.t.,__ "._._°_°t the?z-_'_.ed;._-/i '''_ -. inner planets appear at their greatestangular separation from the Sun and at
_-_!_.._\of thei_a_ : _.... _ _ _ a sufficient difference of the declin-
_i_ -:__'0_/' _'-".,.".... ations of the planet and the Sun. But

__.: :,I_ ___-_--\ ,_E_|_51_ : not all the best elongations are
:_:>_= :_o_/ _ :" equally suitable for observations. In
_:. J: _ "___--= • the evenings Venus is quite easily
_',__""_-_ .-'' visible in the winter or spring, and i

_i__,_;/Ci/- %_iPj _3_I in the mornings, in the fall or winter. ,At these times of the year the diurnal J

_iil/_ :_ii i path °f Venus °n the celestial sphere ii ' lies above the Solar path, and the Iplanet is quite easily visible. The
i ,.

• i _., _._._i_ j four hours. The _ost unfavorable time

............. :_. _ ..... the diurnal path of the Sun itself
: crosses so high in the sky that Venus

. Figure 4. Configurations of cannot appear noticeably higher than
5 Inferior Planets. the Sun. Only in August are the condi-
_ tions of its visibility improved.

From eastern elongation to inferior conjunction takes usually 72 days, and
the same amount of tiJae from the conjunction to western elongation. After 220

days superior conjunction begins, and after another 220 days, we have a new
_. eastern elongation, after which the cycle is repeated. Venus reaches maximm

brightness a month after eastern elongation and a month before western elonga-
tion. At this time it is visible with the unaided eye even in the daytiae, but
in order to spot it, it is necessary to know its position in the sky.

t, •

We will briefly recite the conditions for the observation of Mercury.

The legend according to which Nikolas Copernicus regretted on his deathbed
_ only that he had never seen Mercury is probably close to the truth. Actually,

Mercury is a difficult object for observations. It is small in size and very
_/ close to the Sun. As a result the brightness of the sky and the scattered Solar

light greatly interfere with the observations. Mercury is never more distant

from the Sun than 28". This is almost two times less than the angular" distance< to Venus f_ the Sun. During the day the planet is located above the horizon,

and it is briefly visible only during rare periods at a low altitude. In the
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evening as twilight fades away (for eastern elongations) or before morning (for /38
western elongations), Mercury can be noticed in the sky.

Mercury's _eclination is most often close to the Sun's declination, and
therefore it "drowns" in its dazzling light, which very severely hindJrs observa-

. tion. Just as for Venus, the time of year at which its elongation occurs is of
great significance for observation of Mercury. It moves near the ecliptic;
therefore during the fall months when the ecliptic does not rise high above the
horizon in the evenings, Mercury will be "drowned" in the Sun's rays even at
large eastern elongations. In the springtime it is impossible for the same
reasons to observe Mercury before dawn at western elongations. It is possible
to observe Mercury best of all in the fall months at wes':ern elongations (morning
t,isibility) and during the spring months at eastern elonjations (evening visio
b'_lity). Since Mercury is above the horizon more or less close to the place of
su_set or sunrise, it is almost impossible to see it in the brightening sky_ but
especially in the brightening morning or in the still waning evening
twilight. The conditions for the observation of Mercury are better in the
southern regions of the Soviet Union's territory, where the twilights are
shorter and the ecliptic is inclined hlgher above the horizon than in the middle
geographic latitudes. Mercury is usually inaccessible to observations at high

: geographic latitudes.

At the epoch 7 of inferior conjunctions, it is possible to observe an
: - exceedingJy rare but very interesting, £roa the scientific point of view, phenome-

non if the inner planet is near to one node or other of its orbit, namely, the
transit of Mercury across the Sun's disk. This phenomenon takes place once

every several years in May or November. Every 217 years there occur 9 May and 20
_, ,.... November transits -- the Nay ones occur every 13 and 33 years, and the November ones
!i every 7 or 15 years. After each Hay transit a Nove_er transit of Mercury across

the Sun's disk occurs 5.5 years later. In the near future such a phenomenon will
_ be observed on November 10, 1975, Novmber 15, 1986, November 6, 1995, and

Nove_)er 15, 1999.

+: For a long time it was assumed that Mercury's rotation about its axis was
synchronous with its orbital motion (88 days); therefore Mercury has one side

• turned towards the Sun. Radar observations (1965) have established that ;he
_- _ period of its axial rotation is 59 _ $ days, i.e., it is close to 2/3 of:

the revolution period (2/3 x 88 = 58.65 days). Therefore the synodic period for
'+ Mercury is equal to 116 terrestrial days. "Solar days" on Mercury, namely, the

time interval between two successive sunrises observed from one or the other
point on Mercury, are equal to 176 terrestrial days, or two Mercuri_ years.

! This is very close to l.S synodic periods. Consequently, after each three synodic
_' periods the sine part of the planet's disk at the very same phase can be observed /39
! from the Earth. But based on the remarkable coincidence associated with the fact

that three synodic periods of Mercury are close to one terrestrial year, the most
, Ill i _ m J [I , . H i _ : : "__ ..

7The epoch is the instant of time for which the value is Slven for some quanti-
ties or oth,ar which vary with time and which detenaine the orientation of the
coordinate systm (or detemine the position of a celestial body).
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favorable conditions of Mercury's visibillty are also encountered every three
synodic periods. At each such favorable arrangement of the planets the very
sane details will be visible on Mercury's disk at the very sane phases. But
since three synodic periods are not quite equal to one terrestrial year, this
"stroboscopic" effect gradually gets out of phase.

However, a comparison of observations carried out over 5-6 terrestrial
years will give almost the very sane result. It is precisely due to this
"stroboscopic resonance" that astronouers who observed Mercury visuaUy were
led into the error of having verified that the period of the planet's rotation
was equal to 88 days.

A transit of Venus across the S;mts disk occurs significantly more rarely.
The last transit of Venus across th_ Sun's disk was on December 6, 1882, and
the next ones will occur on June 8, 2004 and June 6, 2012.

Two periods are distinguished in the revolution of planets - the synodic and
the sidereal (stellar). Since th_s¢ periods have great significance in the
calculation of the trajectories of interplanetary spacecraft, it is necessary
to discuss them in somewhat greater detail.

Synodic and Sidereal Revolution Periods of the Planets t

The synodic period of revolution o_ a planet is the time interval between 1

two successive similar positions of a planet relative to the Sun for a terres- 1
trial observer (for example, between oppositions).

The sidereal or stellar period is the period in which a planet Bakes a
cosplete rev61ution around the Sun and ret _ns to the sane stars.

Prom the physical point of view it is sore tuportant to know the sidereal
period of a planet, i.e., the revolution period with respect to the Sun, than
the synodic period, which depends on a randouly selected position of the Earth
relative to the planet. However, it is possible to measure only the synodic
period directly from the Earth. Therefore it is possible to use it to deternine
the planet's siderea? period after its synodic period has been measured. The
duration of the sidereal period P is connected with the synodic period S by the

: superior planet, where _ is the sidereal revolution period of the narth around

the Sun or the sidereal year, i.e., the tine of a complete _evolution of the
_arth around the Sun if the observer is located on the _arth.

For example, the synodic period of M_rs is equal to 7SO days. Its sidereal /4._0
period can be deternined fron the equation

'  m.i
SS.
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The mean synodic period of Nercury is equal to 116 days. An_ its sidereal
period can be found by substituting this value into the synodic motion equation:

...._-_' _ |.:." ":Y'-_:_°':;_.,| _:"_/. _.-__+.L.-,:_,'_:; ,h ' : ":_"
_.,,___r,_ or .'.-_-_,_-: ;. •

...,

,,, _. ,-..'v.V._'_'-. *-" ... /. .'. ..'-,' . _ .

The _nodic revolution period of Venus is equa.1 to $84 days. This means
that for an encounter of a spacecraft with Venus favorable launch conditions for
it should repeat precisely after this period, which is equal to 1.$99 terrestrial
years. Thus if an inferior conjunction occurs in January when the Earth is at
perihelion, the next January inferior conjunction will occur only after S synodic
periods of Venus or in g years. And this indicates that similar configurations
of Venus repeat in 8 years and on the smae dates. Due to this fact the possi-
bility suggests itself of making up "scheduled" transfer flights to Venus with
an 8-year cycle.

The values of the synodic revolution periods of the planets, which are
cited in Tables 1 and 2, are the average periods. The duration of some specific
period or other depends on the eccentricities of the Earth's and the planet's
orbits and the mutual arrangement of their smimajor axes. Thus, for example,
the actual periods for Mars oscillate relative to a value in the range from 765
to 811 days.

Let us now discuss two important distinctive features among the character-
_ istics of the planets which have a direct relationship to interplanetary trans-

fer flights.

The "S here of Attraction" and "S ere of Influence" of a Celestial Ob oct

The sphere of attraction of a celestial object is the region of space with-
in which the gravitational attractive forces of a specific celestial body
uo_inates (Figure S). In order to clarify the essence of the problem, let us

. turn to a specific example. Let us imagine that a spacecraft is moving in the
_ Moon's direction along a straight line Joining the centers of the Earth and the

Moon. Traveling along it, the spacecraft first overcomes the gravitational
! field of the Earth; then it reaches the neutral point at which the Earth and the /4..__1

Moon attract the spacecraft with identical force but in opposite directions.
Passing this boundary, the spacecraft noves into the sphere of the Moon's

_= dominating attraction. It has been determined that this sphere has a radius of
43,000 kn, and the _uiius of the Earth's sphere o_ attraction is equal to

_ 260,000 k_. The term "sphere of influence of a celestial body'' has a different
meaning. It is well-known that the rravitational field of any celestial object
extends practically to infinity. )4any celestial objects of the Solar Systen
simultaneously act on a spacecraft flying, for exsaple, to Mars, and their
gravitational fields, superimposing one on another, for_ a complex mosaic of
physical space.
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• attraction I- Such a region around a planet, in,_+Earth's sphere of "' +-: "= +
....;_+'+=+__ "+:_:_....._=_'_ ' which the ratio of the force with which

, _Boundaz7 of the Earth's °_I the planet perturbs the motion of a small
/i ... object (for _.:mple, a o.pacecraft) rela-
: .... _::- rive to the Sun to the force of solar

' attraction is larger than the ratio ofI

the fozce with which the Sun perturbs
_:_ the p_anetocentr_-c motion of this object

_.o the attractive force of the planet,
*+i _ is called the planet's sphere of influ-

ence with respect to the Sun. This
::+ condition can be expressed by the follow-

--_ ing inequality:

+:i- "+' ' i

sphere Of_nfiuence_:_=: - _ _ where RS and Rpl are the perturbing I
Figure 5. The Earth's Sphere ,)f
Attraction and the Sphere of forces of the Sun and the planet, resin=c- ],
Influence of the Earth and the t ively, and FS and Fpl are the attractive i
Moon. forces of the Sun and the planet.

The radius of a planet's sphere of influence relative to the Sun is deter-
mined by the equation

S /

where mpl is t;;e planet's mass, MS is the Sun's mass, and a is the distance
+, between the planet and the Sun.

The principal attractive center in the Solar System is the Sun. In its
turn each planet has its own sphere of influence, in which the attraction of
this planet predominates.

r

Thus, for example, the radius of the Moon's sphere of influence relative
+'++ to the Earth is 66,000_1m, and the radius of the Earth's sphere of influence /4._2.2
: relative to the Sun is 930,000 kz on the average. A spacecraft (SC) which goes
_+ beyond the linits of the Earth's sphere of influence with a speed difCerent
++_ free zero is converted into an independent satellite of the Sun, namely, into an
+_: artificial planet. Therefore when the motion of a SC occurs within this sphere,
_:_ one should adopt the planet Is the central object and the Sun as the perturbing
_+ object. If the lotion occurs outside this sphere, t,_en it is necessary to

consider the Sun as the ¢mt1_1 ob#_ct and the planet a_ the perturbing object.

It is assuled Jn the approximate analysis Of in++-rplaneta_y trajectories
that the SC _oves in the sphere Of influence of the attl_cting c_nter only m_de_
the influence of the Sravttattonal forces of the particular object. Therefore

3S
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it is possible to imagine the trajectory of a spacecraft's flight from one
planet to another as the successive transition from one sphere of influence to
another. But since the spheres of influence of the planets are s_all with
respect to the Sun's sphere of influence, one can assume that o.ily the Sun's
gravitational force ac_s on the SC over a large part of the transfer trajectory.

We have discussed in thls chapter only a particle negligible by volume in.
the Universe, which occupies, by contemporary ideas, a space of more than nine
billion light-years. The most distant planet of the Solar System -- Pluto - is
40 astronomical units from the Sun. But this distance is negligibly small in
comparison with the distance even to the nearest star of our Galaxy - Proxima
(it is Alpha Centauri), which _.s 271,000 astronomical units away, i.e., 6,800

[ times further than Pluto. If the light from the Sun arrives at the Earth in
! 8 and a fraction minutes, then it reaches us from the nearest star in 4 years

) 3 months and 20 days.

I No large material objects have been detected in this enormous space between
i the Solar System and the nearest stars. Therefore one can say that the Solar
, System is isolated in space and no external forces are acting on it.
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OIAPTER3.
MARS: CONTEMPORARYIDEAS

The orange planet captures our imagination the more strongly, the more we /4.__5
find out about it. Based on the abandance of hypotheses capturing the imagin-
ation, it ranks in first place._

Since the Italian astronomers A. Secchi and G. Schiaparelli notified the
World about the presence on _ars of a system of rather narrow and straight
lines which Schiaparelli called canals, and P. Lowell advanced his hypothesis
about the possibility of intelligent life on Mars, this puzzling worl-d com-
pletely has attracted the close attention of mankind. But today ithas become
completely evident that the best method for solving the Martian secrets are
investigationsof it by spacecraft providing direct contact with it.

Carrying out their own program of investigations of space objects and the
planets of the Solar System, Soviet scientists proceed on the basis that, at the
contemporary stage of development of science and technologyj it is advisable to
conduct the most important experimentswith the help of automatic devices. In
principle an automaton can carry out the same operations as a man can (in some
cases even more), and its utilization costs significantJy less, not considering
the fact that the possibility of some danger for humans is excluded. "Robots"
can accompllsh in space operations which are physically not within the power of
humans to carry out or such operations whose accomplishment by man would require
the application of complicated and expensive methods with respect to providing
for his safety.

The first device in the history of terrestrial civilization - the automatic
= interplanetary spacecraft (AIS) 'qqars-l" was directed to Mars on November 1, 1962

(Figure 6). Its flight lasted 7 1/2 months.

With the help of scientific instrumentation whose data were transmitted
over a radiotelemetry channel (61 radiocommunication sessions were conducted /4__4

• with the station), a large volume of scientific information was obtained from
it. In particular it was established that the intensity of cosmic rays in

,terplanetary space increased to several tens of percent in comparison with
measurements carried out in 1959 by Soviet spacecraft. This was probably
caused by lesser solar activity. Investigations of the plasma in outer space
confirmed that the ionized gaseous envelope of the Earth stretches out to altl-
tudes of the order of 20,000 kin. Again the existence of an outermost belt of

_ charged particles discovered earlier by Soviet scientists was confirmed. At this
_. time extensive data was obtained about the streams of interplanetary plasma and
_, the distribution of meteoric material in the region of space more distant from

the Sun than the Earth CFigure 7).

£
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, Figure 7. Schematic Diagram of the
_ Orbits of the Earth, Mars, and thei

"Mars-l" Station: A, Position of
......... the Earth at the instant of the

Figure 6. Automatic Inter- launch of the automatic inter-
planetary Spacecraft "Mars-l": planetary spacecraft; A', Position
1, Correction motor assembly; of the Earth at the instant of the
2, Magnetometer broom; spacecraft ' s approach to Mars;
3, Highly directional antenna; B, Position of Mars at the instant
4, Radiator of the tenperature of the automatic interplanetary

_ +regulation system; S, Quasi spacecraft's launch; B', Position of
directional antenna; 6, Solar Mars at the instant of the space-
battery panel; 7, Izotropic craft's approach.

( antenna; 8, Orbital compar_sent.

_ At a distance of 6,000-40,000 km from the Earth the spacecraft czossed the

_ Taurid meteor stream. The number of recorded impacts of meteoric particles inthe stream was approximately equal to one impact every two minutes. At a dis-
tance of 20-40 million ]m from the Earth the spacecraft again crossed a meteor

,!5 stream which has not been identified with any other meteor stream known on the
basis of terrestrial observations. The density of meteoric particles in it was

i_ approximately the same as in the Taurid stream. The approach of the spacecraft
_ to the planet Mars occurred on July 19, 1963. It passed the planet's surface

at a distance of 195,000 ks, after which it went into a heliocentric orbit.
_ Thus for the first time an interplanetary trajectory had been traversed. This

experiment permitted solving a series of important engineering problma. First
_ it succeeded in carrying out two-way radiocommunication with an interplanetary

spacecraft located at a distance of 106 million ks. This was a record for
_ distant space radioco_unication at the ti_!_. It confir_d the
+_ validity and effectiveness of the basic engineering solutions embodied in
_+ the radio link: the modulation and _coding methods; tignal detection and /4__5

extraction; and the measurment of the spacecra+ft's _t_on parameters.
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!
The data obtained concerning the operation of the instrumentation and the

automatic interplanetary navigation and radiocommunication systems had
considerable significance for subsequent investigations of near-solar space and the
study of the planets of the Solar System.

On November 5, 1964 the first launch v,as accomplished in the direction of
the planet Mars by the American spacecraft "Mariner-3". However, it turned out
to be unsuccessful. Upon a second launch occurring on November 28, 1964, the
American scientists nevertheless succeeded in injecting their first automatic
spacecraft "Mariner-4" int@_an interplanetary trajectory to Mars. This trip
was marked by success. After 7 I/2 months of flight along the trajectory the
spacecraft reached Mars on July 15, 1965 and photographed part of the Martian
surface from a distance of 12,000-9,100 Ion. During the 26 minutes of the space-
craft's flight near Mars its special photographic camera made and recorded on
magnetic tape 22 photographs. The p_otoelectronic eye captured a band with a
width of 200 km and a length of 6,40_- km. The photography was carried out alter-

nately through orange and green filters. In all they succeeded kmin2ph°t°graphingabout 1+oof the planet's surface with a total area of 1,500,000 . The length
of the scanning band was ec.ual to approximately 6,506 k_ and passed through the
equator from the northern hemisphere to the southern. At the time of the photo-
graphy, the i11umination varied from full sub-solar illumination to _half darkness.

Having completed the photography of the surface, "Mariner-4" disappeared
behind the disk of Mars and was located behind it for about an hour. During the
time of its setting and rising, i.e., twice, the radio signals transmitted by
the spacecraft underwent a strong variation in phase, frequency, and power --
caused by the effect of the atmosphere and ionosphere of Mars. On the basis of

' _ their absorption and reflection, the scientists succeeded in determining the valu_
of the atmospheric pressure. Values from 5 tO 9 millibars 8 were obtained. The

; photographs were transmitted to Earth twice. About 100 craters resembling Lunar /46
craters, from 5 to 180 km in diameter, were discovered on them. Some of them
have central peaks. Many craters bear the traces of erosion associated with the
transport of dust by the atmosphere, and with tectonic and other phenomena.

' Besides the craters linear formations -- small mountain ridges -were visible on

: the photograph. Their highest altitude does not exceed 4 km; a significant part
of the crater walls are low and mildly sloping.

_ On November 50, 1964 a Soviet spacecraft "Zond-2" was launched in the direc_
tion of the planet Mars. An array of scientific instrumentation was contained
onboard the spacecraft, including a long-distance conununication system and an
automatic orientation system. In particular, plasma re_.ctive motors, which

_ successfully carried out experiments under the complex conditions of spaceflight,
were used in it for the first time in the World.

:_ About five years passed, and on February 24, 1969 the automatic spacecraft
"Mariner-6" was launched in the direction of Mars (Figure 8). Having flown

i 390 million kin, it passed at a distance of 3,_30 k_ from the surface of Mars on

i 0ne atmosphere is equal to 760 millimeters of Mercury or 1,013.23 millibars.

• One millimeter of Mercury is equal to 1.35 millibars. _e note that such a

pressure occurs in the Earth's atmosphere at an altitude og 30-35 k_.
_: 39
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July SI, 1969, having a speed of 7,882 m/sec. The distance of Mars from the
: Earth at this time was 95,7 million kin. The device approached Mars in the

vicinity of its equator, and receded from it at the South Pole. Flying immedi-
_ ately after it, Mariner-7, launched on March 27, 1969, having flown 316 miZllon

kin, flew by at a distance of 5,428 km from its surface on August S, 1969, at

a speed of 7,180 m/sec. The distance from Mars to the Earth at this time was /47
99.4 million kin. Mariner-7 approached nearer to the Southern Pole in the day-
time, and it receded on the nighttime side. The flight trajectories were

selected in such a way that upon flying by Mars Mariner-6 would pass behind the
._ planet's disk near the Northern Polar region and would photograph the surface

in a large region of latitudes including the equatorial region, and Mariner-7
would pass behind the disk over the Southern Pole (Figure 9). The goal of the
experiment was to photograph the planet from various distances, determine the

:/ chemical composition and parameters of the Martian atmosphere, investigate the
characteristics of its ionosphere, and determine the surface temperature.

!,

million km

_million km

"_
¢

Figure 8. Flight Trajectories of the Mariner-6 and Mariner-?
Spacecraft. i_

5

- Both spacecraft conducte_ repe&_edly ph_tographedJthe surface of Mars and !
• transmitted 202 photographs to Earth (Figure I0). Mariner-6 photographed the

planet's surface between the equator and the parallel 20" S, and Mariner-7 /49
photographed a region of the planet starting somewhat north of the equator and
extending to the southeast.L

? __" Scientists rightly have called 1971 the year o£ Mars. In all 57 million kl

separated it from our _lanet in the month of August. Since only once _ every i$=i7
years does Mars pass so near the Earth, astronomers and radioastronomers all
over the world concentrated their close attention on the investigation of Mars
Hundreds of telescopes and radiotelescopes continuously "watch_l" the orange
planet. In this year Soviet and American scientists directed their own automatic
explorers to Mars.
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• Figure 9. Flight Trajectories of the Mariner-6 (Above) and
'_ Mariner-7 Spacecraft Near Mars: I, Switching on of the t_le-
_* vision cameras and scientific instruments; 2, Switching on of
! the television cameras; 3, Switching on of the digital recor-

ding equii_ent; 4, Start of the radio occultation period;
S, Completion of the radio occultation period.

! The automatic interplanetary spacecraft blars-2 and Mars-3 were launched on /50
: May 19 and 28. Having surmounted the 192 days of interplanetary journey 4_0

million ks in length, the blars-2 spacecraft emerged onto a trajectory passing at
a distance of 1,580 ks from the surface of Mars (Figure II). b_]z its approach

_i _ to the planet: a capsule was separated fr(m it, having delivered tO the surface
of Mars a pennan_ with an image of the national emblem of the Soviet Union, and
the spacecraft itself went into a near-Martian orbit whose parameters were as

: follows: minimum distance from the surface of Mars, 1,580 ks, maximum distance,
I 2S,000 ks, and revolution period, 18 hours.

! The flight of the Mars-3 automatic interplanetary spacecraft lasted for
188 days. On December 2, 1971 the descent eapsule entered the planet*s

l_ atmosphere after separation from the spacecraft and completed its descent by

parachute, carrying out a soft landing in the southern hemisphere of Mars between
• the regions Electrts and Thaetonis in an area having coordinates 45 ° S and 158 °

i _ (Figure 12). The descent station communicated television signals concerning
its landing on the surface. These signals were received and recorded onboard /S1

• the Mars-3 artificial sa'.elltte, and then they were transmitted to F_arth during -'-"
the radiocommunications sessions. No details noticeably distinguishable by
contrast were detected in the s_all part of the transmitted panorama.
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Figure 10. The Approach o£ the Mariner-6 Spacecraft to Mars is
Shown on the Photographs. The sequence oE photographs obtained from
the Mariner-6 spacecra£t shows the approach o_ th,e spacecraft to
Mars during the period July 29-_I, 1969. The fir "I photograph was
taken at a distance of 1,241,$$0 k_, and the last photograph was taken
at a distance o_ 5,700 km. A crater having a dim_eter of about 38 ka
is visible on the last frame. If each photograph were turned by 120 _
clockwlse, then north would be located straight up. The bright region

on the photographs is the ._uthe _ Poler cap.
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: Figure 11. Diagram of the Interplanetary Flight o_ _he
Craft Mars-2 and Mars-3. I, 2, 5, Trajectory correction;
4, division of the descent vehicle of the orbital craft;
5, braking of the craft and transition into orbit as a
satellite of Mars.

The orbital compartment of the Mars-5 spacecraft went into the orbit of an
_ artificial satellite of Mars at a minimum distance o£ 1,$00 km from the

planet's surface and a maximum distance greater than 200,000 km. The. complex
investigations of the properties of the surface and atmosphere of Mars with

_ respect to the nature of the emission in the visible, infrared, and ultraviolet
_ regions of the spectrum, and also in the radio region, were carried out for more
_ than 8 months during the spacecraft's flight around Mars. 11 scientific experi-

ments were conducted onboard the spacecraft. 7 of them are associated with the
_" investigatSon of the planet itself, 5 of them with measurements of parameters of

the interplanetary medium, and 1, carried out cooperatively with French scien-
tists, with the investigation of the Sun's radio emission. The most important
data were, of course, obtained about the planet itself. Among these data are
measurements of the temperature of the surface and soil of Mars, the investi-

i gation of its relief, and the composition and structure of its atmosphere.
:_ These matters will be discussed in detail in the next sections o£ this chapter.

_ Almost all the instruments mounted onboard the spacecraft were oriented in
_ such a way that, upon the passage through its pericenter with a s_ed og 4 ka/sec
_ (minimum surface), they were '_atchim_'_the plenet, :disttn-_tsh-

distance from the

_ ing sections on the surface with a size of gro_ 6 to SO ion. From the Earth it
_, is possible to make analogous observations with _.e helplog _pticsl
_ telescopes regions 500-1,000 km in size, and ground-based radiotelescopes

, . receive radiation of the entire disk _£ the planet at once.
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Figure 12. Schematic Diagram of the Landing of the Mars-5
Descent Capsule: t, Separation of the descent capsule;

_: 2, Ignition of the descent capsulets motor; 5, Aerodynamic
braking; 4, Descent by parachute; 5, Ignition of the soft

landing motor and jettisoning of the parachute; 6, Descent
capsule on the surface of Mars in operatin_ position.

An auxiliary role, associated mainly with providing a _ _te-in of the measure°
_'_ ment results in other spectral intervals, was assigned to-photography Of the'

_ planet in the <omple_: of experiments carried out on the spacecraft. _4oreover
_ the photographs taken by _4ars-5 from large distances permitted refxning the
_, optical flattening of the planet (as distinguished from the dynamical flattening),

"_ constructing profiles of the relief based on the image of the edge of the disk
_ for sections of large extent, and obtaining color images of the disk of Mars by

_ means of the synthesis of photographic images made with different light filters.
Interesting twilight phenomena, in particular the illtmination of the atmosphere
approximately 200 k_ beyond the terminator line (the boundary between night and
day) and measurment of the color of the surface near the terminator, were

_ detected on the photographs obtained. A layered s_ructure o_ the Martian at_os-
: phere is traced in several photographs.

Let us briefly discuss the construction peculiarities o£ the spacecraft and

il the most complex and important problems associated with the basic stages of theflight.

_ The spacecraft are equipped (Figure 13) with systems for automatic control
and orientation, radio control, trajectox_/measurements and the transsissien of
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information, automatic equipment, energy supply, thermal regulation, onboard
radio instrumentation, a time-progr_ing instrument, a motor assembly, and a /52
complex of scientific instrumentation.

_.

BNA A _9
.10

: 12

,19

I

_22

i Figure 13. _ars-3 Automatic Interplanetary Spacecraft. Schematic diagram of

the automatic spacecraft (above) and the spacecraft's descent capsule (below):
1, Antenna of the "stereo" scientific instrumentation; 2, Parabolic highly direc-
tional antenna; 3, Descent capsule; 4, Radiators of the thermal regulation
system; 5, Solar battery panel; 6, Tank unit o£ the motor assembly; 7, Instru-
ment compartnent; 8, Optical-electronic instrumentation of the star orientation
system; 9, Antenna of low directionality; 10, Opt4cal-eiectronic instrument of
the automatic navigation system; 11, Correcting and braking aotor; 12, Magnetom-
eter; 13, Antennas for the link with the descent capsule; 14, Separation motor
for the descent capsule; 15, Instruments and equipment o£ the automatic control
system; 16, Parachute deployment aotor; 17, t_ntennas for the link with the orbital
station; lg, Parachute container; 19, Main parachute; 20, Radio altimeter antenna;
21, Aerodynamic braking housing; 22, AutomaticMartian station.
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The instrument compartment is intended to acconodate the spacecraft's onboard
systems and to prot, ect then from the long-term effects of exposure to space
conditions. On the outside of the compartment are arranged optical-electronic
instruments of the system for tracking the Sun, Earth, and a star and of the
automatic navigation system along with the -.c!entific instrumentation.

The instrument compartment is connected with the tank unit of the motor
assembly, which serves as the main support unit of the spacecraft. The motor
assembly is located in the lower part of this unit. Above there is at, adapter
for attaching the descent stage. Two solar battery panels consisting of silicon
light converters, a highly directional parabolic antenna, and an_en_aa of low
directionality are suspended from the tank unit. Radiators of the thermal
regulation system are attached on one of the braces of the solar battery panel
bracket. On the sine pRnels are n_mated part of the scientific instrtmen- _ /5___3
tation, two antennas to provide a radio link of the orbital station with the
descent stage, an antenna for carrying out the Soviet-French "stereo" experiment,
and the little motors of the orientation and stabilization system.

- The descent stage is an ind_endent Martian station. It is equipped with
systems and instrumentation which provide for the device's separation from the
orbital station, its transition to an approach trajectory with the planet,
braking, descent in the atmosphere, and a soft landing on the surface. The
device consists of an instrument-parachute container, an aerodynamic braking
housing, and a connecting frame. A solid-fuel motor for the tr_ition of the
separated device from a fly-by to an imp-ct trajectory and aggregates of an
automatic control system, for stabilizing the device after its casting off from
the orbital compartment are housed on the _rame.

_ The instrument-p_utoicontainer is made in the form of a torus. It is
mounted in the upper-part of the descent stage and is connected tO-it with the

:. help of coupling straps. Inside the container are arranged the pilot and main
: parachutes. The motor for extracting the parachute, the braking motor assembly
' for soft landing and the parachute jettisoning motor, the radio altimeter
, antennas, the antennas for the link-up with the orbital station, and scientific

i_strtunentation are mounted in the container. The cone-shaped braking shield
serves for the aerodynamic braking of the descent stage in the ataosphe

; of Mars and for its protection from th_ high tempers_ures arising during the
descent.

A hermetic instrument compartment is located inside the automatic Nartian
_r station. Instrumentation for the automatic control system, the radiocommnication

unit and telemetry, and the scientific inst'tuaent unit, including the television
i panorama attachment, are located in it. On the outside are sounted the scientific
; instruments with the mechanisms for their deployment, the radio unit's,antennas,
_, and the systems for putting the station into its working configuration after the

landing. The necessary sequencing of the operation of the systems was provided
by a time-progruming unit.

Prior to the flight the elements of construction and the scientific instru-
aentation of the spacecraft's descent stage wore subjected to sterilization in

- order to prevent)the transport of terrestrial microerganim to the surface of Mars.
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The control system includes an orientation system, a gyroscopic instrument
- to stabilize the spacecraft in space. (a gyro-stabilized platform), an_ uboard

digital computer unit, and an .automatic space navigation system.

The orientation system goes into operation from the instant of the space-
craft's separation from the launch rocket and functions during the entire cOUrse
of the flight. The optical-electronic instruments determine the position of the
spacecraft relative to the Sun, and, w_th the help o£ omall gas reaction motors,
the spacecraft is oriented in space in such a way as to provide for the normal
functioning of the thermal regulation system, the energy supply system, and so
_orth.

As the distance between the Earth and the spacecraft increases, the orienta-
tion system, which simultaneously tracks the Sun and a star (Canopus), changes /..._
the spacecraft to a position in which the highly directional antenna of the
onboard radio unit is oriented towards the Earth. The conditions for orienta-
tion of the remaining systems of the spacecra£t are practically unchanged. Such
a method o2 constant solar-stellar orientation has been applied for the first
time on interplanetary spacecraft.

- In carrying out the first two corrections, data concerning the size and
direction of the impulse of the motor's thrust necessary to carry out these
maneuvers are transmitted from the Earth to the onboard digital computer over the
radio link. Information £rom the gyro-stabilized platform concerning the space-
craft's position in space also enters the computer. The computer processes
this data and gives the comuands to turn the spacecraft and to switch the

+ engine on end off, and the automatic control system cerry out these _ -
operations.

It is necessary upon the approach flight toknow first of all_ the position
J of the spacecraf.t relative to the planet. But the spacecraft's position at this
_ time, which is determined from data of the trajectory aeasurelents with the help

/ c f ground-based radar devices and the positions of Mat_, are not known accurately
+ enough. Theregere in order to carry out the basic goals of the flight,
_, namely, the injection of the spacecraft into the specified orbits of actificial

satellites of Mars and to provide the conditions required for the entry into the

planet's atmosphere of the descent stage, an automatic space navigation system
is used. Th_s system permits correcting the spacecraft's trajectory as

: necessary _or its approach flight tO the planet.

The optical-electronic instrument determines the actual position of the
i spacecraft relative to Mars, and it tranmit_ the results of the corresponding
P .-- measurements to the digital computer for subsequent prm:essln$. Itj I

spatial orientation is determined onboard the spacecraft, and the time of the
+ motor's operation in order to l_arry out the third trajectory correction is

calculated.

- After carry_r_ out the .asa-euver, the s_MA_ea _ the qiesc4mt sty e takes .
_+_+ place, and with the help of its OWnautooatic control system the nacensar_
_: control of its motion iS provide d for the descent $t_ees entry into the

i "
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atmosphere of Mars at a specified angle,, which is the determining condition
condition for a successful soft landing.

A certain time after the descent stage's separation, the braking motor on
the station is turned on, and it transfers from a fly-by trajectory to the
orbit of an artificial satellite of Mars.

The onboard radio unit, together with the corresponding instx_mntation of
the ground-based conaand-measuring stations, pemits lmking trajectory measure-
ments, carrying out *,he reception of commands for control by the station's
systems, conducting the transmission of telemetry and video information and the
reception and recording of data arriving from the descent stage for their subse-
quent transmission to the Earth.

Two radio channels, one narrow-band and the other wide-band, are used for
the orbital station's link with the Earth. The narrow-band channel is intended

mainly for carrying out trajectory I_etux_mmts and for the transmission of /__55
telemetry information. It operates in the decimeter region of the radio
spectrum. The wide-band radio channel, which uses centimeter waves, permits
transmitting large volumes of information from the television equipment and the
scientific instruments,

The radio link with the stations was maintained during the transfer flight
and in orbit by the systems with antennas of low directionality, and, when the
spacecraft were accurately oriented towards the Earth, the radio link was main-
tained through the highly directional parabolic antennas.

i

The wlume of information to be transmitted ever a radio link depends
• significantly on the distance between the transmitting and receiving devices, !

The orbital station is tens of thousands of times nearer the descent stage than
is the Earth. Therefore an extremely advantageous method is used on )4_rs-$
to transmit signals from the descent stage to the Earth by means of their
ret_ansmission through the orbital station located in orbit of a satellite of
_4ars. This method permits the e!iltinatioii! on the descent stage of complicated
(heavy) directional antennas and _-er'_]l transmitters and power supplies and
the use of a light radio instrument. The onboard radio devices of the orbital
stations serve to transmit information to the Earth.

_ It is important to note that the problems of radio control of spacecraft
at interplanetary distances are associated with a number of peculiarities and
difficulties. It should be taken into account that the time for the I tssage
of each l"adio command and the confirmation of its execution occupies several
minutes. This time of transmission continually increases with the _istance of

_ the spacecraft from the Earth.

The energy supply system for providing electrical energy to the onlmard

i instrumentation includes a generator, for which a solar battery is used, and
•_ chemical sources of current consistinj of the buffer battery tui_he orbital
° cos_arment and an automatic battery l_! the descant stage, During the entire

i flight solar ener_/ provided for the charging of the buffer battery and the
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supply of the onboard instrumentation operating in the intervals between the
communication sessions. The supply of the onboard instrumentation during the
radiecomunicatlon sessions was accomplished from the onboard battery. The
independent battery of the descent s_age was charEed prior to the separttion of
the descent stage.

The automatic equipment system of the spacecraft is intended to control the
onboard systems while they carry out the £11jht proL_ms to thefplenet Mars.
It carried out the reception and analysis of sipals necessary for coordination
of the operation of the spacecraft's systms, the logical proceesing _
of information obtained, and the transformation of It into useful colunds for
control according to the assigned program.

The therma! regulation system maintained the temperature c._ the spacecraft's
onboard systems and equipment within specified l::,lts. On the orbital device it

* consisted of screen-vacums heat isolation, special thermal rezulation'coverings.
and active circulatin_ gas systems of the closed :ype with a radiator.heater
constantly directed at the Sun and a radiator-_oler or_,ented towards outer
space. The gas which fills the instruaent colq_artment serves as the coolant. /5_..66 II
The continuou._ circulation of the coolant was provided by a vent__lation device. ;

i

The ther_l regulation sy,._em of the descent stage cf the Mars-3 spacecraft [
included screen-vacuu_ heat isolation, a radiation heater with "_surface regu- I
lated as a fu,ctio;_ of the temperature inside the device, and an electrical I
heater.

!

The restart_able motor assembly provided for correction of the spacecraft's
trajectory during the transfer flight and its braking upon its _ransition to the
orbit of an artificial satellite of Mars. It consisted of : lisuid reactive
motor with a l_mp system for supplying the fuel components, control elements,
and a fuel tank asse_ly.

One of the _ain problems of the flight was the carrying out of a compli-
cated scientific-engineering experiaent, naaely, the landing of the descent
stage of the Mars-$ spacecraft on the planet's surface.

Its solution was cosplicated by the fact that the atmosphere of Mars is
very rmfied, and data about its composition and density are insufficiently

! reliable. Strong winds are possible on the planet. In addition the relief of
_ the Martian surface has not been studied very thoroughly, and the nature of its
!_ soil is al_ost unknown.

The designs of the aeredynaaic cone, parachutes, and the soft landing motor
_ were selected on the basis of the conditions of nin__la _aight and their reli-

abla operatLon under a wide range of possible descent conditions and the
charecteristics of the Martian atmosphere. Notwithstsmiin8 the fact that the

_ atmosphere of Mars _s rarefied, a device _nterin_ it with a speed of 6 Im per

I second is strongly heated. Due to the light and reliable therml protective

. coverings, the device survived this e_¢rrience.
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The landingprocess started after the accomplishmentof the third correc-
tion and the separationof the descent stage from the spacecraft. Separation
occurred on December 2 at 12 hours, 14 minutes. After 15 minutes the descent
stagersmotor was turned on, and it provided for the transition of the descent
stage into an encounter trajectorywith the planet. Then a turn of the descent
stage was carried out to provide ,be necessary angle of attack auring its entry
into the atmosphere.

At 16 hours, 44 minutes, Moscow time, the descent stage entered the planet's
atmosphereat an angle close to the calculated one, and aerodynamic braking began.
Stability of motion daring this portion of the flight was provided by the
aerodynamicshape of the descent stage. The descent in the atmosphere to the
surface of Mars lasted not much more than 3 minutes.

At the end of the braking portion of the descent_ 4eployment of the pilot
parachute and then the main parachut?was accomplishedwith the help of a gun-
powder motor upon command from an overload detector while the descent stage was
still moving at supersonic speed.

When the descent stage was decelerated to nearly sonic speed, reefing, the
complete opening of the main parachute's cupola, was carried out on signals from
the time-programmingmechanism. Simultaneouslythe aerodynamichousing was
jetisoned,and the radio altimeter antennas of the soft landing system were
opened. / an altitude of 20-50 meters the braking soft-landingmotor and the
time-progrmming device setting the sequence of operations associatedwith the
operation of the automatic Martian station on the planet's surface were turned
on by co, and of the radio altimeter. At this time the parachute was taken off /57
to one side by another reactive motor,as that the coupla would not cover the
station. At the instant of the landing, the special shock-absorbiugcovering
reliably protected the device from possible damages.

The descent in the atmosphere to the surface of Mars lasted little more than
5 minutes. The device completed its landing at a point with the areographic
coordinates45° S and 158° W.

One and one-half minutes after the landing, the independent Martian station

was put into operation condition by signals from the tlme-programmingdevice,
and at 16 hours, 50 minutes, 55 seconds, the zransmlssion of a video signal from
the planet's surfac_ began. The appearance of the signal from the descent stage
at the cal.alatedtime was recorded by special detectors in the orbital statiolt's
receiving devices. Simultaneouslythe recording of the video signal began on
two recording devices of the Mars-5 spacecraft. The received image was trans-
mitted from the orbital station to Earth in the subsequent communication sessions.

Very valuable data about the mysterious planet were obtained as a result of
the many-months of successful functioning of the Soviet artificial satellites of
Mars.

The flight of automatic interplanetary spacecraft placed into orbit as
• artificial satellites of Mars, the first soft landing on its surface in the
L

history of cosmonautics, the complex scientific investigations of the planet and
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the surrounding outer space, and the solution of the most complicated engineering
problems of the automatic navigation and control of the flight of automatic space-
craft at significant distances from the Earth -- all these accomplishments clearly

indicate that Soviet science and engineering have achieved a remarkable success.
This prominent event in Soviet cosmonautics opens up wide perspectives for the
subsequent investigation of planets of the Solar System with the help of automatic
devices.

The world scientifi_ connnunity has highly valued this unprecedented expedi-
tion of Martian robots. The prominent English scientist, Director of the Jodrell
Bank Astrophysical Observatory, Professor Bernard Lovell, wrote that it is
impossible to overestimate the significance of this new exploit of Soviet science.
It opens up in the full sense of the word a new era in the investigation of outer
space. Is this not fantastic, and is such swift progress not evidence of the
fact that scienc _ and engineering have entered a peric_i in which it seems thatl
nothing is impossible for them?

What _ew information about Mars have the automatic messengers communicated
to us?

The Surface of Mars

Let us first discuss the main results of observations from the Earth. In

the case of observation from the Earth with the help of optical methods, the

Martian surface (whose area is 2.7 times smaller than the area of the Barth_s /5___8
surface) looks comparatively smooth. Regions of three colors are distinguished:
orange-red regions surrour_ding dark spots and the named continents, dark regions
which have acquired the designations "seas", "lakes", '_ays", and "swamps", and
the snow-white formations at the planet's poles which are called *'polar caps" by
analogy with the terrestrial poles.

Since the colorations of the bright and dark regions are stable, this
permitted compiling a map of the Martian surface. It is evident on this map
that the continents occupy approximately 5/6 o_ its surface area. The dark
regions consist of individual spots and are located mainly in the equatorial
belt. They periodically change their color with a change of the seasons. They

" darken in the spring and summer, taking on more distinct colorations, and in the
fall and winter they fade, and their boundaries become indistinct.

Radar and spectroscopic observations have shown that height differentials
exceeding 10 km occur on the surface of Mars. We note that the radar methods
permit recording the exact times _f the transmission and reception of the pulse
(reflected from the planet) with an accuracy which corresponds approximately to
a kilometer height on the surface of Mars.

Spectroscopic measurements of the surface relief are based on a determin-
ation of the amount of gas in the line of sight above various regions of the
surface. Taking into account the fact that it is larger in depressions than on
elevated heights, it becomes possible to determine the differences in height.

t
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The rocks covering the Martian surface are similar to a hydrate of iron
oxide, the so-called limonite. It has an or_ngish-brown color and is easily
melted. Upon decomposition limonite breaks up into red iron ore and water.
$-6_ of this material is sufficient to impart a rusty or red color to sands and
clays. Perhaps here is the reason for the origin of the planet's color?[

What scientists have seen on photographs of Mars has fundamentally altered
their concept of its surface. It is not so smooth and largely resembles the
Lunar landscape: the same uneven surface, pockmarked with craters, the same
uninviting and barren appearance. Inveat.igators have distinguished three types
of Martian surface on the basis of their structure:l regions filledt

: with craters, regions with chaotic structures, and regions devoid ,
of characteristic features. On the majority of the photographs, the surface
belongs to the cratered type of terrain. The craters are of the most varied
diameters, from 500 m up to 800 kin. The investigators assume that the large
craters were formed by the collision of the planet with asteroids. Craters ._f
smaller sizes and more recent origin are visible on the botto_ of the larger
craters. Talus, and also terraces similar to the terraces in the Lunar craters
Copernicus and _ristarchus are noticeable in some Martir.n craters. However_ on
the whole, .Martian craters are .._ot similar to Lunar cra_ers. They are .raised up ;
above the surrounding terrain to a lesser degree, and their edges are smoother,
which the investigators ascribe to the effect of erosion. Evidently, Martian /59
craters have undergone significantly greater evolution than Lunar craters;
investigators assume the main mechanism for it to be landslides, i.e., the
shifting of minerals too heavy to remain in place under the action of the wind.
Thus the distinction of the Martian craters from the Lunar craters is explained
not only by different processes of their evolution but also by a difference of
the materials forming the surface of Mar_. A continuous transition in the sizes
of craters has not been detected on the photograph, which significantly dis-
tinguishes the Martian from the Lunar craters. A possible cause for this
peculiarity is the weathering and transport of soil particles. Another impor-
tant peculiarity of the Martian surface relief is its smoothness and nonuniform-
ity (the transition from regions with a large number of craters to a region i
where there are almost no craters). For example, there is the Hellas region, in
which no clearly expressed relief elements have appeared in an area of about
570,000 km2 . One can assume that the structureless zones on Mars are the analog
of terrestrial deserts. The chaotic type of surface is characterized by sharply i
broken relief (mountain rigids and valleys of short len_h, cliffs, fissures
with abrupt slopes, and so forth), and there are no similar re,ions either on the
Earth or on the Moon.

Mariner-7 transmitted literally fantastic pictures of the southern pole of
Mars covered by mysterious crater formations reninescent of snowslides or
glaciers on Earth. The locality/o£ the southern pole is, in comparison with _
all the regions o£ Mars which have been photograph_, the most rugged: deep
"valleys", a high mountain ridge, and also £ornations rminescent of terrestrial

i glaciers and slides are visible on the photographs. The southern polar cap was
i photographed from 60 ° south latitude to. the pole. The relief details here are

_ ieasier to see, and therefore there are signi_icantly more craters. __ott
! • only the smallest Craters, _bUt als'o prgtx_ding relief forms are visible. •
i ....
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And so Mars, which was assumed, in contrast to the Earth and the Moon, to
be a planet with a.very level, smooth, and gentle relief without noticeable
mountains and prominences (with the exception of the well-known Mitchell moun-
tains at the south pole), unexpectedly turned out to be mountainous and veryJ

rugged.

The tracks of the spacecraftts flight near the planet began in the southern
hemisphere, where summer was coming to an end at this time, then crossed the
equator, and concluded in the northern hemisphere. The initial points of the
tracks occurred in regions where it was still morning, and the final tracks
occurred at the midday, evening, and sometimes even the nighttime hours.

The temperature of the surface of Mars was measured by infrared radiometers.
: _ These instruments recorded the thermal emission of those regions of the planet

which were photographed at the given in.ant by the television cameras. Accor-
ding to the readings of the radiometer of Mariner-6, the temperature of the
planet's surface varies from +16°C at noon to -I02°C on the nighttime side;

_ dark regions have a higher temperature in comparison with the bright regions.
The recorded rate of cooling is comparatively small. This fact gives reasons
for assuming that the surface layer of Mars ha higher thermal insulating proper- /60

' ties than the Earth's surface.

, On the basis of the data of the Mars-2 and Mars-5 automatic interplanetary
stations, the surface temperature along the ground _tracksvaried within wide
ranges; from +13°C at 14 hours local solar time (II° south latitude) to -93°C i

_ (19 hours local time (19° north latitude). But the temperature fell to -III°C ,
in the vicinity of the north polar cap. It is very important to know the temp'--
ature on the surface of Mars at various latitudes and at various times. In t.

_ first place, it is necessary because this is one of the main climatic character-
istics, and in the second place one can assess the properties of the material of

_o which the soil consists on the basis of the temperature variations during the
_ day and from place to place. The low nighttime temperatures indicate that the

surface of Mars very rapidly cools off after sunset and, consequently, the
_' thermal conductivity of the soil is low. Quantitative estimates show that it

corresponds to dry sand or dry dust in a rarefied atmosphere. The Martian "seas"
_ (dark regions) turn out on the average to be warmer than the "continents" (bright

i egions). The difference in temperatures, which reach 10° , is explained by thefact that the seas (maria) have a low reflectivity, absorb more solar energyj

ii nd are heated up more, In individual cases the darker maria regions cool offmore slowly after sunset and, consequently, have soil of greater thermal con-

ductivity.
It is very interesting that a region was detected on the nighttime side of

the planet where the temperature was 20-25 ° higher than in the surrounding
regions. The cause for this phenomenon is still not clear.

The soil temperature was measured to a depth of 50-50 cm with the help of
the onboard radiotelescope. It turned out that it does not undergo the d_ tal
oscillations, which indicates a large thermal inerti& and a !_ow thermal c ,_d ,_.-_
tivity for the soil. Besides the temperature, the di-electric congruent, ;,

• quantity which depends mainly on the soil density, Was also determined. The

d
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measurements showed that the variation in the soil temperature and di'-electric
constant are related, i.e., large temperature values of individual regions
correspond to large values of the di-electric constant. This result indicates
that the soil density varies along the ground track of the measurements.

Martian Canals

The Italian scientist A. Secchi called attention for the first time in
1859 to the geometrically regular strikes covering the surface of Mars like a

_._ net. G. Schiapar¢lli, a countryman of A. Secchi, who had observed Mars during
its great opposition of 1877, confirmed their presence. A long time passed

after this memorable event, and a lively argument went on and on as to the
origin o_ these puzzling features. Canals are a grandiose artificial irrigation
system created by rational creatures populating Mars and intended to distribute /61
the scarce water reserves the planet - so declared P. Lowell!

: Not sol asserts Catterfeld. The canals are nothing more than lines of
tectonic fractures of the planet's crust produced by an irregularity of its
rotation. Water progresses along these fractures, nourishing an abundant
vegetation. A third group argues that the canals are strips of vegetation, and t
a fourth group assumes that they are crevices in the icy envelope of Mars. In
general so many hypotheses, conjectures, and sometimes outspoken speculations

; have been advanced that we have no idea concerning their contents.

: _ The photographs transmitted from the automatic interplanetary stations __/62 1
have still not given a clear answer to this question. Suggestions have been )

i advanced on the basis of these photographs that the lines forming a network on 1
the surface of Mars are salts, fissures crater chains, ridges, and other )

_ relief forms perceived as continuous features of heightened contrasts. I

: - Some of the f ammas Martian *'canals" are visible on the "distant" photo-
i graphs of Mars taken from a distance of about 1.5 million Ion as well as they are [

- _in the case of the best observations from the Earth. A slightly curved mountain ,,
_ --ridge, 160 k_ in width and about 1,100 k_ in length without noticeably apparent
_- edges, appeared in place of the broad and dark Agatademon canal on the "near"
_ photographs (from a distance of 4-5.5 thousand kin). As the result Of analysis

of the photographs, it has turned out that this feature is a broad, slightly
_ curved ridge mottled with craters and canyons resembling the edge of a gigantic
) - crater. On a photograph taken by the )tariner-9 spacecraft, there is a smooth
_ plateau (Figure 14) cut through by large tectonic trenches which could also be
I taken as a canal as seen through terrestrial telescopes.

i
The Atmosphere of Ma_rs

_" Investigation of the gaseous envelope of Mars constitutes a very difficult

i ,_ problem in _t_e resolution ef which some Successes have only recently keeni_ed
after a long period of failures and mistakes. Prior to the flight of automatic

. interplanetary spacecraft to Mars many models were constructed of its atmosphere.
The majority of them were based on the assumption that its atmosphere is an

- analog of the terrestrial atmosphere. Notwithstanding the fact !that spectre-

- scopic_lly only carbon dioxide gas had been detected in the_iti._jog the
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Martian atmosphere up to 1956, the majority of astronomers were inclined to the
opinion that the main constituent of the Martian atmosphere is nitrogen _ith
insignificant admixtures of carbon dioxide, oxygen, and water vapor.

|

_ Figure 14. Photo of a Portion of the Martian Surface

525 x 400 km, Located _80 ks South of the _quator, on i
the South-eastern Edge of the Vast lllu_Inated Elevation

_ Arcadla-Tractus.Albus. The photo was taken from an
_ altitude of 2,000 ks. The level plateau is bisected by . '
:_ a sharp _ectontc chasm. When observed through tele-
"_ scopes on Earth, this pit can seem to be a straight I

line and can be m_staken for a canal.

._ During the 1963 opposition of Nars, traces .o_ water wq_or were _etected in

its atmosphere for the first time, the abundance of CO2 was also established,
and the surface pressure, which turned _,at to be approximately 20 _illibars, .,
was determined. • low oxygen and ozone content, as well as an insignifficant

1
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_ amount of water vapor, was established with the help of the spectral method.
:. This was a sensation for astronomers. In fact nitrogen in an atmosphere is
' produced mainly by volcanic eruptions, and its absence in the atmosphere of Mars
_ may indicate the absence of volcanic activity.

_' The escape velocity for Mars is comparatively low -5 ]on per seco:td. _ae

-_ to this fact it cannot reta_h the light gases and has a very rarefied at._osphere
_ which is very transparent. At altitudes from I to 50 knj a blue haze about 20 km
_ in thickness is observed. Evidently the haze layer originated due to the forma-
_ tion of oxides under the influence of solar ultraviolet radiation. In addition

yellow clouds moving at a speed of 10-40 m per second, which are assumed to be
_: dust storms, are noticed in the Martian atmosphere. They slgn!Lficantly impair /65

visibility of the surface of Mars. blars _ gravity_ Insignificant in comparison to

_ Earthts, is responsible for one very significantpeculiarity in the structurelo£ the
Martian atmosphere. As altitude increases, its density drops far more slowly

_ than in the terrestrial atmosphere. Thus, for example, pressure in the terres-
i trial atmosphere reaches: one-tenth of the surface value at an altitude of 16-17

km, but on Mars a _ne=tehth decrease in pressure occurs only by an altitude on,
•_ the order of 50 km. This "_esults in the fact that the pressure at th_s_

altitude above the planet's surface is the same as in the Earth's atmosphere at

i the same altitude. Calculations show that the density in the atmospheres Of
_. the Earth and _ars are comparable at an altitude on the order of 40 kin, and at

still greater altitudes the pressure in the _artian atmosphere exceeds that of
_ the terrestrial atmosphere. This distinction results in the fact that meteors

burn up in the Martian atmosphere at an altitude on the order o£ 200=250 kin,_r

but at an altitude of 120-150 km in the terrestrial atmosphere. However, the

danger of serious overheating of the housing of spacecraft entering the Martian
atmosphere is less than in the case of entry in_.o the terrestrial atmosphere in
view of the lower accelerating attraction on Mars. For this reason Mar_ian dust

_ storms, which astronomers have repeatedly observed, should be more powerful
I than terrestrial storms, since enormous masses of dust=like material are main-

! tained there for an extended time under the influence of the wind rushing ra] idly
upwards. Investigations of the planet Mars during the period of its great
opposition of 1971 have clearly confirmed this. Here is what the President of
the Planetary Physics Commission of the USSR Academy of Sciences Astronomical
Council, Professor I. K. Koval' , has to say on this question. In the :;econd half

-of Se_ptember, the transparency of the Martian atmosphere sharply decreased due to
the rising dust storms which for several days covered the dark £eatur-es-_o_ the
surface almost over the entire visible disk. But what caused it? The activity
of volcanoes or a flux of meteoric particles exploding into the atmosphere of
Mars? Such phenomena are not able to obscure a planet's disk. Those scientists
are evidently on the correct path who assume that this phenomenon is associated
with storms. The winds there are stronger, and they exceed the velocity of air
currents on the Earth and are able to blow fine particles away from the planet's
surface, carrying them to high altitudes, Scientists have encountered a high
degree of dustiness of the planet's atmosphere a_ other great oppositions (1924,
1959, and 1956). _specially pronounced obscurations were observed dttrin_ the

great opposition of 1956, when the transparency coefficient of _he atmosphere
decreased by a factor of 3, and even the complete disappearance of the southern
polar cap was noticed.
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When the Mars-2 and Mars-3 spacecraft went into orbit around Mar'_, a dust
storm was raging on it. For two months the entire planet was obscured by dense
clouds of dust raised from the surface. The dust storm signiflcantly hindered
photography of the planet and some scientific measurements. However, images of

the disk of Mars obtained with the help of the photographic instrumentation /64
significantlyadded to information about Mars. For the first time Mars was
photographed at phases not observable from the Earth. The images transmitted
from onboard the spacecraft filled in information about the surface, the struc-
ture of the atmosphere, and the planet's shape. The measurements carried out
showed that the altitude of these clouds is about I0 km above the mean surface
level. The cloud layer was thinner above higher regions and thicker above lower
regions. The dust storms on Mars are a powerful and as yet puzzling phenomenon.
The usually transparent atmosphere of Mars suddenly becomes in a few days almost
as opaque to visible radiation as the cloudy atmosphere of Venus. But as
measurements have shown, the transparency improves as one goes to longer wave=
lengths. This indicates a significant fraction of very fine dust particles
(with a size of about one micron) in the clouds. Such particles should settle
out very slowly, which agrees with the total duration of the dust storm. How-
ever, the Mariner-9 photographs showed a rapid increase in transparency at the
end of December. It was incomplete,but the visibillty improved significantly
in ten days. In order to explain this, it is necessary to assume the presence
in the clouds of a certain fraction of rapidly settling particles of comparatively
large size. In general particles of various sizes were evidently contained in
the Martian clouds during the period of the storm, and their ratio varied with
time. Much data indicates, in so-_way er ether_ an increase of transparency with

: wavelengths. Such clouds should cool the surface and increase the atmosphere's
-temperature, which was actual ly observed. A unique "reverse hot-house effect" was

i -c_ated, opposite to the situation pr_uced en Venus in which the atlmsphere is
_ heat-_ up due to its opacity to in_r-ed radiation.

Of what does the cause of such strong winds consist? The atmosphere
of Mars is very rarefied and transparent, as has already been stated. In the

! daytime the Sun strongly heats up the planet's surface, and at night Mars rapidly
cools off. These sharp variations result in a largepressure differentialj

_ which causes such strong winds that, by c_Japarison, i_e-rt_St-riai-s_orm--c-an be!
, assumed te be a light breeze. This is one side of the answer to the I
_ question

_ Another cause probably consists of the fact that during the great opposi-

tions of Mars the planet is located at the perihelion of its orbit; therefore
:_: the Sun heats up the Martian surface more strongly, and thus the temperature

differential is much larger than during other oppositions.

The observed clouds in the Martian atmosphere are separated on the basis of
color into yellow, blue, and white clouds. The yellow clouds appearin the
lower layers of the atmosphere at an altit_e of approximately S km and lower.
They probably consist of fine dust o£ _ for example, iron oxide hydride particles.

The blue clouds (violet haze) are observed at hiEher altitmies near the
terminator line on the morning and evening _l_es o£ the disk. Taking into account

S7"*
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the atmosphere's chemical composition and the most probable dependence of the /65
_ temperature and pressure variation with altitude, one can assume that these

clouds form ice crystals.

The white clouds are evidently of the same nature as the blue ones, but
they consist of larger ice crystals. These clouds are frequently situated above

_ the bright regions near their boundaries with the dark regions.

Laminar flows predominate in the atmosphere's circulation. In the spring
: the direction of motion of the clouds is predominantly westward, and in the

summer - eastward. In springtime the formation of clouds is associated with
the melting of the polar caps, and in the su_er -with processes in the dark
regions. Morning and evening fogs .Qf low density are often observed.

Measurements with infrared spectrometers in the region of the planet's _
_ reflected (1.9-6 _) and intrinsic (4-14.7 _) radiation--hav-e permitted derivation of_'

some information about the composition of the lower atmosphere of Mars. In
particular, absorption bands of solid carbon dioxide and ice have been recorded.
Taking into account the temperature measurement data, one can suggest that ice
crystals are found in the form of fog in the atmosphere in equatorial regions_
and carbon dioxide is found at the surface in the polar regions. The infrared
radiometer of Mariner-7 recorded a minimum temperature of -160ec at the southern
polar cap and an average temperature of -I18°C, which corresponds approximately
to the freezing temperature of carbon dioxide at the atmospheric pressure

_ existing at the surface of Mars. The atmospheric pressure at the surface has
been successfully established in different areas by the radio transmission

- _ethod. Thus as _ariner-6 set behind the planet's disk, the radio transmission
_ showed that the atmospheric pressure at the surface was 6._ millibars in the

_ vicinity iof the meridian of Sinus.

i ..... ......

Let us recall in this connection that the pressure in the Earth's atmos-
[ phere at sea level is equal to 1,015 millibars. Taking into account the fact
_ that a minimum surface pressure of 5.$ millibars an_ a maximum of 9 millibars

has been recorded, and taking the nature of the surface relief into consider-
_: ation, one can assume with sufficient justification that the mean surface level

has a pressure of 6 millibars.

_ The infrared photometers of the Mars-2 and Mars-5 spacecraft showed that

i_ the pressure on Mars is 5.5-6 millibars (about 4-4.5 _ of mercury) at _he meano level, which is approximately 200 times less than on the Earth.

The water vapor content did not exceed $ _ of procipitable water, which is
a thousand times less than in the terrestrial atmosphere. If all the water
contained in the Martian atmosphere were to be uni£ormly distributed over its

-surface, it would £ora a layer slightly thinner than a human hair. Near the
surface the at_osph.ere consists mainly of carbon dioxide gas. At an altit_ide

- of about 100 k_ the cazben.diexide _as is broken _down under the influence eg
solar ultraviolet radiation into a molecule og ca_onoxide gas and an oxygon

_, - atom. Such a decay process for water vapor _ in the appearance of hydrogen
a_ems. Therefore at altitudes of $00-400 ks _he a_osphere becomes mainly a_osic/66

-- hydrogen. Troc_ of oxygen are obse_ve_ rigkt up to In altitude of 7_-800 _.
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The temperature of the upper atmosphere in the altitude range from 100 to
200 km increases and becomes constant higher up. This is approximately the
picture observed in the upper atmospheres of the Earth and Venus. Strange as
it seems, the upper atmosphere of Mars is more similar to the upper atmosphere
of Venus than to that of the Earth.

Martian Da_s

Observing the disk of Mars through a telescope for a sufficiently long
time, for example, for an entire night, one notices how the details of its
surface appear one after the other from behind the disk, gradually move towards
the opposite edge, and then disappear. It is clear that this occurs due to the
rotation of Mars, which is similar to the diurnal rotation of the terrestrial
sphere and results in the succession of day and night. It has been determined
from observations that the rotation period of Mars is 24 hours 57 minutes 25
seconds, which is 57 minutes 22.7 seconds longer than the Earth's rotation
period. The latter indicates that Mars "lags behind" a complete revolution by
9° every terrestrial day, and a terrestrial observer sees a particular detail of
the planet at the same position on the disk only after 40 days (9 ° x 40 = 560*).
Since the rotation period of Mars is similar to that of the Earth, it turns out
that it is possible each night to inspect from the Earth one and the same hemi-
sphere of Mars, which is only slowly and gradually replaced by the other. In
order to inspect the surface of Mars completely during a day, it is necessary to
carry out the observation at obse'Natories located at various geographical longi-
tudes. Thus, for example, if it is noon in Tashkent, and deep night reigns at
the Mount Wilson Observatory (U.S.A.), then observing Mars from these observa-

i_ tories it is possible to inspect its entire surface during a day. The succession
of day and night is accompanied by phenomena analogous to terrestrial ones.
At intermediate latitudes the Sun rises and sets, moving at an angle to the
horizon. Therefore the transition from one time of day to another is accompanied
by twilights, when the surface is illuminated by oblique rays of a low-lying Sun.

_ - In the tropics and at the equator, the Sun rises and sets alaost straight up.
_ Here, just as at similar latitudes on Earth, day and night follow one another
_ with an abrupt transition from light to darkness.

The Seasons on Marsi i , ,

We know from err school classes in geography and astronouy that the succes-
i: sion of seasons on the Earth occurs not because the Earth approaches nearer to

the Sun or moves further away from it, but due to the fact that the tez_estrial
! equator is inclined to the plane of the Earth*s orbit by an angle of 23.5 e. _It
_: follows from this fact that the Earth's axis is arranged not perpendicularly Lbut
_: obliquely. As the Earth moves around the Sun, the direction of the FJrthts axis /6_7

does not change. It is always directed with its north end towards the pole star.
-- Therefore moving around the Sun, the Earth turns b_th its north_rn_ and its

southern hemisphere to an observer. "-=-_

An analogoua picture occurs on Mars (see Figure 1S). Opposite seasons occur

_ siwultaneously in its different heuisphe_es. When it is summer in the_l_a _ ""-
• hemisphere, it is winter in the southern hemisphere. If it is fall in _
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northern hemisphere, then it is spring in the southern hemisphere. And this is
because the inclination of the equator of Mars to the plane of its orbit is
approximately the same as for the Ea":_. It is equal to 24046 '. This causes
seasonal changes on Mars.

Auto,urinal_esism_.

mmed_
x. ml_

I ...... msspum summersaam uenm

- Figure 15. Seasons in the Northern Hemisphere of Mars.

! .- It is well-known that the amount of heat falling en a given surface
i_ depends on the Sun's altitude above the horizon. The hifher the Sun rises above
_ the horizon, the stronger it heats. The fact that various thermal climatic
! belts occur on the Earth, such as the torrid (tropical), two temperate, and two

cold belts, is explained by the different altitude of the Sun above the various
localities of the terrestrial sphere. In addition, cold and warm seasons occur

i_ in each year. The same thing happens on Mars. Just as on the Earth, a distinct_ change of the times of the Martian year and the seasons occurs. A ¢old_ severe /_,___
_ winter is followed by a cool spring, and then a warmer summer, which is replaced

by a cool fall. After it the cold winter again begins with its short days and
_ long nights. The results of such a change of seasons are easily visible through
! - the telescope in the guise of the melting of the I_liir Calm. iimmver, the main

difference there lies in the fact that the orbit of Mars is situate! further
from the Sun than that of t),_ Earth, and its orbital motion is mailer than that
of our planet. Therefore th_ anntml path of Mars is longer. This results in the

-.fact that the duration of a revolution of Mars _____jthe Sun is almost twice as
long as that of the Earth: it is 6S7 terrestrial days. A Martian year contains
669 of its own '_4s_ian" days, which are somewhat longer thsa t e_frostrial days.

-Thus a Martian year is almost two (sore exactly, 1.88) tines _er_ than that of
the Earth.

6O
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During the summer time (in July) for the northern hemisphere of the Earth,
our planet is at its greatest distance from the Sun (152 million kn), and in the
winter time (January) it is at its smallest distance (147 million km). The
difference of S million km is insignificant_ and therefore summer in the northern

_ and southern hemispheres are almost identically ware. The same thing can be
said about the winter periods. But since the eccentricity of Hars is greater,
its distance grom the Sun at perihelion is 206.7 million km and at aphelion is
249.1 million km. Due to this fact, Mars receives one and one-half tines less
solar radiation at aphelion than at perihelion. Therefore the climate in the
northern and southern hemis_._res is very differen_t. ' It is a pronounced contin-
ental climate. Even agter a hot day on the equator, frosts occur at night.
Mars passes through the perihelion half of its orbit more rapidly than through
the aphelion halg. Theregore sumner in the southern hemisphere, which occurs
during the perihelion period, is such shor_or than in the northern hemisphere
and warmer, and winter in the southern hemisphere is longer and more severe.
Due _o the significant eccentricity of the orbit of Mars, the duration o_ the
seasons in the opposite hemisphere_ di_£ers significantly (Table 4).

TABLE4

' Hemls'_here ...... _ Duration of the See'son
_.ori_hern ' Southern Terrestrial Da_s Hartian Da_s

Spring Fal I 199 194$81 $71
Sumer _inter 182 177
Fal 1 Spring 146 142306 298

_,. _int er Summer 160 lS6

687 669

_ _ ........

i The duration of day and night varies as a function of the season. I__polar
latitudes a lengthy day lasting almost an entire terrestrial year is replaced by

_/ a similarly l_ng night. In the internedl_te latltudas short winter days lengthen/69 |
i with the approach of spring and susser and again decrease after the summer i
i solstice.
_ The tines of year on Mars are well traced b/ its polar caps.

Polar Caps

p

i The northern and southern poles of Mars L'e covered by b r_t d_st_ct
features which are called "polar caps" by analogy w'tth those o£ the Earth.

The white covering in the northern heaisphere towards the end o£ winter
extends to latitudes of 50-60 ° and its dtssmter reaches 4.000-6,000 _, but in
the su_er it shrinks at a rate Of 10-12 (so_etiaes _ts roach as I00) ka per day
to a diameter of 700-1,500 kn. The southern c_p molts sore 1_pldly, and it
disappears completely in some years, which is explaln.wl by the eccentricity of
the orbit of Msrs. A dark collar forms around the se!ti _ cap, and the £eatures

i
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; _ adjacent to it acquire bright colorations; this wave of improving visibility
i _ moves towards the equator with a mean speed of 35 km per day, and towards the

end of summer it even moves beyond the equator to 25" latitude in the other
hemisphere. All of _,his is very similar to what occurs on the Earth. For

_ example, observing the Earth for an extended time from the _oon, one would see
: a similar picture. A hypothesis has arisen completely naturally that the polar
_ caps of Harm consist of snow or ice. However, this suUestion is not the only

one possible. Several hypotheses have been advanced as to the nature of the/
ir polar caps.

Some scientists have assumed that this is a cloud cover or fog. Others
have asserted that this is a salt covering, and they have pointed out as an
example salt which forms extended bright coverings on _t_he surface of terrestrial
salt marshes. The majority of scientists have associated these caps with a
layer of solid carbon dioxide- material whlch is well-known to all under the
name of "dry ice". This h_rpothesis has received a comparatively wide distribo-

_i tion, since it corresponded to the data of spectral investigations with whose
_ help the presence of carbon dioxide gas in: t_.__' atmosphere of Hars was estab-

llsh_d.

What has amazed the scientists analyzing the photographs of the southern
polar cap is _he apparent thickness of the white covering, which attains 80 cm.
They assume that _his is almost certainly frozen carbon dioxide ("dr) ice"),

_ since there is not enough water ir th_ atmosphere of Mars for such extensive
deposits of snow or ice. They speak of the te_'_rature variations in support of

_ such an assmaption. Thus the infrared radiometer of _riner-7 recorded a minimum
_ temperature of -160"C at the southern polar cap and an average temperature of

i -llS'C, which corresponds approx_a_ely to the freezing temperature of carbon
dioxide at the atmospheric pressure which exists at the surface of _ars.

i However, it has been established on the basis of observations over many
y_ar_ from the Earth tha_ the material of the polar caps does not completely

• disappear even when the temperatures are close to zero. Therefore the polar /70

caps most likely contain both solid carbon gioxide and a small amount of frozen
• water. The possibility has not been excluded that there is also ice under the

polar caps (in a layer of permafrost).

Based on the 14ars-$ data, the surface temperature of the northern polar cap
is -UO'C.

Observations of the southern polar cap from onboard the autouatic spacecraft-
-satellites of Hars have shown that it does not melt away durln_ the sum_er.
This indicates that it cannot consist only o£ carbon dioxide. According to
calculations, the rate of evaporation of carbon dioxide under tbc condit'_ons of
Nartian sunmer is so high t_at towards the end of smme_ _he polar caps should
disappear completely. The rate of evaporation of _ster vapor is, on the con-
trary, rather low, and it can be partially preserved. This permits one to draw
the conclusion that the souther_ polg_ ¢JlJ cellists of fr_jme_ts of ice covered
by a layer of carbon dioxide. _urin_ onch N_rtism :year the _ dioxide oval)- /71
orates, exposing the ice layer (Figure 16).

!
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IFigure 16. Re,ion of the Southern Pole of Mars Photographed From
a Distance of 5,400 }on. An oval-shaped plateau is visible in the

ri_ht-ha_d part. Rellef elements charscter_e_ by deep iupper
._ gulleys and grooves having sharp edges appear in the l_:part I

o_ the photograph. The depth of the gull_ys reaches S00 n.

Since the tlaes of year are closely associated with a planet's clinate,
let us brlefly discuss this question.

. The Clinate...of Mars

It is significantly colder on )4ar than on the P_rth. This is not surpris-
,_ -_ in_. In the first place, Nars is located one and one-half tines further

from the Sun than the _arth is, and solar redtation heats up its surface a little
'_ over two tines more weakly thmt :the terrestrial surface. In fact the solar

radiation intensity drops off in inverse proportion to the square of the d_stance
gron the Sunl In that case the Sun shines and heats at _lars more weakly by a
factor of (1.52) 2 - 2.31.

! In the second piece, as has already been stated above, the seen atnespheric
pressure at the planet's surface does not exceed 6 nillibars_ i.e., it corresponds

to the in the Earth's a_nos_hero at an altitude of 35-40 kn above thepressure

tu_e Ln the terrestrial amosphere, one can say that sililar conditions exist on
the surface o_ H_s. +

There s-- none of the continuous cl_d _ozsutioas op 14_rs which we obsolWe
-- o, the Elwth _t is almst always cloudless in any rqlon. One c_m see clou/$, _, '

r . l ..... "
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consisting probably of ice crystals, only rarely. They are formed _s the result
of the condensation of water vapGr floating in the atmosphere. Therefore the
Martian atmosphere is very dry. It is true that there are frequent light fogs
on Mars arising for a brief period mainly in the morning hours. When the air
is heated up by solar radiation, they dissipate. These Martian fogs are remi-
niscent of the frosty haze which from time to time appears in the terrestrial
atmosphere ip the frosty morning time but dissipates as the air warms up.

Climatic belts occur on Mars just as on the Earth. It is true that the
temperature oscillations in them are significantly greater than on the Earth.
In f_ct there is no such abundance on Mars as on the Earth of water vapor and
oceans, those powerful accumulators of heat which regulate the cl!._ate of a
planet by means of storing up and releasing heat upon a change of the seasons.
In view of the tenuousness of Mars' atmosphere, it cannot effectively re_ain
the heat absorbed by its surface during the day, and because of this an enor-

mous amount of heat escapes into outer space at night. Therefore sharp
temperature oscillations are characteristic for Mars during a day. If the
surface temperature at the equator in the daytime can reach +30°C, then it falls
at night to -100°C and more. The mean annual temperature fo_ #he entire Martian
surface is lower by 50-60°C than on Earth. For comparison we point out that
on Earth it is about +IO°C. The surface is heated up rather strongly at noon in
the equatorial region where the Sun stands in the zenith. As the Sun approaches

the horizoa, the zemperature rapidly decreases, and by sunset it reaches 0 °. /72
At night the frost gets harder, and the temperature reaches 100°C below zero
by sunris, ,,_id this all happens in the warmest equatorial belt! In the
temperate belt the winter time temperature in the daytime and at night is held
at a very low level - 60-80 ° below zero. The temperature is continuously held
within the limits from zero to 10 ° of heat in the polar regions, where in the
summer time the Sun does not quite set for several months. It is precisely at
this time that the rapid disruption of the bright polar covering is observed.

Because of precession Mars' axis of rotation changes it: position in space,
and every 25,000 years it is oriented in such a way that neither one of the polar

caps is turned in the Sun's direction at perihelion. During such periods
climatic conditions can arise on Mars under which the disappearance of permafrost
occurs. It is, as they suggest, accompanied by brief cloudbursts which can
cause erosion processes. The chann_1 visible on the photograph (Figure 17) is
reminiscent of the traces of water erosion on the Earth.

Analyzing photographs o£ the Martian polar regions made by the unmanned
spacecraft from a close distance, scientists are advancing suggestions about the
fact that an ice a_e has possibly started on Mars. The southern polar cap is
turned towards the Sun at the perihelion of the Martian orbit, and the cold
winters are replaced here by a warm summer. The temperature contrasts of winter
and sum_er are moderated somewhat in the north pol_ cap region. We note that
in view of the significant eccentricity of the Martian orbit the difference in
the solar constant at perihelion and aphelion of the orbit amounts to about 40_.

Paradoxical as it may seem, the polar regions of the summer hemisphere,

, where the non-setting Sun has time d_ring the extended sum_er half-year to heat
the upper soil layer up above the mean daytime temperatures o_er the planet Ws

_. 64
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disk, are the warmest on Mars. Therefore the temperature along the meridian in
the summer hemisphere varies insignificantly, and the winds are not very strong.
In the winter hemisphere, on the contrary, the temperature drops sharply from
the equator to the winter polar cap.

..., _ _'_

,s :'

Figure 17. Section of the M_rtian Surface With
Center at a Point Having Coordinates 29 s S. and
40 _ W. A channel is visible which is reminiscent
of traces of water erosion on the Earth.

Due to the large tesperature differential in the winter hesisphere of

Mars, strong winds blow. According _.o scientists' calculations, their veloctt_
_- at an altitude of 12 km may reach 170 _/sec. Because of this, active cylconi_

_ and anticyclonic activity is developed in the atmosphere. However, our "earthly"
concepts of snow or rain seldom accompany Martian cyclones. This is becau, se
there is little water in the Mar_ian atmosphere. Therefore clouds form very
rarely in the _artian atmosphere. Only in the morning and in the evening
in temperate latitudes is it possible _o observe clouds_resombling haze. Thus
i_ there _re, of course, _o dust stores, the weather onNars always stays
bea_ti_ul. Yes, and the visibility there is much better than on Earth due &o
the small amount of light scattering by dust particles in the air. The visi-
bility is especially good in the stmmer hemisphere, where the winds are n_tice-

i ably weaker and _ere is little dust. A strong reflection i_rom the planet's
:_ surface of solar ultraviolet radiation has boen_r_co_ded .by spacecraft. The ,

ozone layer of the ............terrestrial atmosphere blocks this radiation which is

"
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_ destructive to life. There is no such "protection" on Mars. And this has
important significance for organic life.

; Life on Mars

There is hardly another planet of the Solar System which has excited s_,ch
hope among those who have searched for life on other eelestial bodiesl Starting
from the 1870's the question - "Is there life on Mars?" -wanders among the
pages both of science fiction and popular literature and of scientific books.
And this is explained not so much by the nearness of this planet as by its

._ comparatively easy accessibility to inspection even with the help of not very
powerful telescopes (due to the transparency of its atmosphere),

- To what extent the suggestion as to the p_bability of-intelligent life on
Mars was fashionable and universal at the start even of our century is attested

: to by the sensation spark_L-by_thD as_ronoaer:_W. Picketing of the Lowell /7_4
Observatory (Douglas) on December 8, 1900. In the_elegram which he sent, which

• .- circled the entire World in:iigh_ning_fashion, h_ireported that a bright I
outburst was visible for seventy minutes at the north edge of Mare Icaria. The
question of "signal fires" of Martian inhabitants was discussed in a completely
serious fashion. The presence of an atmosphere, a not-too-dry climate, and
mysterious canals do not confirm whether or not any highly developed civilization

'_ exists on Mars l It is not excluded that people may encounter it in the most
unexpected form on this extremely puzzling planet, which has long excited the

: ,_. human imagination as to the possibility of the existence of life. And some
scientists remark in a completely valid manner on this question that if living
organisms are found on Mars, it is possible to say without exaggeration that

_ their study will become the problem of our century. The discovery el a new
sphere of life will serve as the first biological connection of terrestrial
inhabitants with a different planetary life form, And there is no doubt in that

_ the terrestrial civilization will be able to exert a very significant effect on
its subsequent development. However the complexity of the solution of this

_- problem lies not only in sending spacecraft to Mars and deploying special instru-
_: ments on its surface but determining which criteria we should judge concerning
_'_. the presence or absence of life on the planet. At the present time we still do

_ not have a sufficiently reliable method permitting us to distinguish forms Yon• the edge of life" from the absence of any of its characteristics but it is
_' possible to distinguish three major groups of questions.

In the first place, tl.ere are the questions associated with whether or
_ --not the investigated planets have chemical co_pounds similar to amino acids and

-_ proteins;

i in the second place, there are the questions associated with whether or

not an exchange of materials takes place -whether or not green-type nutrien_
materials are absorbed by the existing life forms in chemical reactions which
are characteristic of terrestrial life;

in the third place, there are the questions associated with what methods
can be used to detect life forms (living), the remains of life forms (fossils),
or a_tificial structures. • ..............
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?r -- Not one of these questions is definitive, since they all allow that life
_ • on Mars is similar to terrestrial life. Nevertheless we are still ebliged to
> proceed precisely from this assumption, taking as the. basis the three dis-

tinguishing criteria of life: the exchange of materials, reproduction, and
_ evolution. These criteria are universal for all living organisms on the Earth.

From this point of view the study of the physical conditions on Mars is an
exceedingly important problem with the goal of determining to what extent they
are favorable to the course of biological processes. In the opinion of scien-
tists, the data obtained do not exclude the possibility of life on Mars. The
measurements carried out with the help of an ultraviolet spectrometer have shown
that life forms on Mars, if they exist, must have developed a protective mechan-

_ism against this radiation.

-_ From this point of vi_, great meaning is ass_ped to carbon dioxide, which./7__55
can protect from untraviolet radiation. Kuiper and Urey assume that Mars may
have been warmer in the past and have had a more extensive and moist atmosphere.
Its cloud cover held the temperature oscillations at a significantly lower level
than at present. Oxygen appeared as the result of photolysis of water vapor in

_ the atmosphere. Under these conditions plant life began to develop, and after
J photosynthesis had arisen, addlti_nal smarces of oxygen appeared. However, due

• to the relatively low mass of the plane_, oxygen can escppe into outer space,
The oxidation of iron at the surface could accelerate the loss of oxygen, and
it is completely possible that this is just why the surface of Mars has a
characteristic orange coloration. A thin, dry, and cold atmosphere was gradually
formed as the result of" an extended process. This process was accompanied by
an increase in the intensity of ultraviolet and x-ray radiation and the flux of
solar protons onto the surface. This produced dry physical conditions to which
any vegetation which had arisen should have adapted.

Investigations regarding the determination of the boundaries of life have
been carried out for a number of years in the space "o!ogy laboratory of the
Cytology Institute of the USS_RAcademy of Sciences. _pecial camera - the

"photostat" -has been created £or this project. The _.hysical conditions_ |

o existing on Mars are simulated in it. The experiments have shown that some of
the simplest forms of microorganisms are capable of survlving under '_artian
conditions" for a rather long time, and a number of microorganisms even ,

i reproduce. Among these are microorganisms isolated from Antarctic soils. It i
has thus been proven that a large "reservoir of endurance" is cha_8©teristlc of
many living beings, which permits the_ to endure extremely dry cond:ltions,

I including those similar to Martzan conditions. This offers the possibility of :suggesting the existence of microorganisms on Mars which are similar zn their
nature to terrestrial microorganisms, i

F. Salisbury adheres to the opinion that if the appearances of life on :

i Mars can be observed telescopically, then this life must satisfy the following I_ five criteria:

1. It should form societies occupying large areas visible from the Earth. ,1_

2. Its coloration should correspond to _hat is observed and should respond
to a change in temperature and humidity .....
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_ 5. It should be responsible for the observed rapid variations in the
sizes and shapes of dark regions and should be capable of rapidly renewing itself

: after dust drifts.

J

_ - 4. It should exhibit these properties under the dry conditions of Mars.

_. It should satisfy the fixed basic principles of ecology, such as the
cycle of the elements characteristic of our planet

On the basis of these conditions F. Salisbury assumes it to be improbable
_ that any kind of the lowest life forms could satisfy criteria I, 2 and 3. For /76
.... example the lichens found in the Sahara and Antarctlca satisfy criterion 4

:_ better than any other k_gwn terrestrial organism. However, they cannot satisfy
the remaining criteria. In fact they do not have seasonal variations of color,

_ they grow extremely slowly, and their shape and height are such that they cannot
_ easily work their way across a dust layer; therefore they can scarcely form

colonies visible from Earth in an atmosphere of such low humidity. Thus the
existence on Mars of higher vegetation is more probable, because it satisfies
all these criteria with the exception of the fourth one. The presence of certain
altered forms of vegetation with a pigment capable of screening it from the
strong ultraviolet irradiation is also possible. This pigment may absorb solar
radiation, which permits the vegetation to retain the heat. Irregardless of

the extreme dryness and absence of oxygen, either a terrestrial photosynthesis
cycle or some other kind of biochemical process with the participation of other
elements may take place with the Martian vegetation. The founder of astro-
biology, the Soviet scientist Gavri11Adrianovich Tikhov, conducted similar
investigations and pointed out this possibility. He concluded that the Martian
vegetation actually resembles strongly the Arctic flora of the Earth. And if
about 200 kinds of plants grow in the vicinity of Verkhoyansk and Oymyakon, the

_ coldest region of the northern hemisphere, then why could similar plants not grow
_ on Mars?l G. A. Tikhov showed that if the predominant color of terrestrial
_ vegetation is green, then the Martian flora should be of a sky-blue and dark-

/_ -blue color. Why? Basically due to the fact that under the Martian
! conditions, which are dryer than on Earth, the plants will absorb more heat rays

and reflect more of the cold rays - blu_ and violet.

T;,e exceedingly low water content in the atmosphere and its total absence
on the surface, at least, in the liquid form should be considered the most

! unfavorable factor restricting the possibility of the existence of life on Mars.

:_ Reservoirs mo:c than 300 m in diameter are completely excluded, since if
any were present the planet's transparent atmosphere would cause bright high-

1 lights of sun to be observed. However, this does not at all indicate that there
J_ also no water beneath the surface of Mars. In fact the possibility is not
, :luded that a significant part of the initial ws,er supply on Mars could have
b_en converted into subsurface ice and thus avoid diffusion into outer space.
The scientists Yu. Davydov, C. $agan, D. Liderberg and others maintain _n
an opinion. In certain cases (near hot sources, regions of volcanic activity) --
this subsurface ice may thaw and moiste_the surface, thereby creating favorable '

conditions for the development of life.
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_ There is every reason to assume, asserts the Soviet planetologist V. Derpg
___ Derpgol' is, that subsurface Martian waters are more abundant than _subterrestrlal

waters, since Mars is located further from the Sun, and although its atmosphere
_ was already tenuous upon the planet's formation, there should be more water /77
i maintained in it than on the Earth. Furthermore the permafrost covering of the
_ Martian soil facilitated this. There is little free water in the atmosphere
_ and the surface of this planet. But the associated water contained in the

!_ soils of Mars is evidently abundant - it form one-third of its weight.very may
• One can suggest rather confidently that the soils covering the surface of Mars
_ are similar to a hydrate of iron oxide, the so-called limonite, whose composi-

tion consists of approximately 54_ water. One can get this water out of the
_ soil if it is greatly heated.

In order to reply to the question of whether or not llfe has arisen on
: Mars, it is necessary to investigate the Martian conditions and clarify what
: paths the planet has followed. If, let us say, it were established that oceans

existed on Mars at some time or other, this would mean that the possibility of
:_._ life having arisen there would become very probable. It is well-known that the
_ presence of nitrogen is necessary for the formation of complex organic compounds.

There is less than 5_ of it in the Martian atmosphere But if there is now
practically no nitrogen, was this the case earlier?

The situation is exactly the same with oxygen. Up until the present it
i has not been detected on Mars at all. But anaerobic microorganisms live on the

Earth, which manage without it; moreover there are even microbes which perish
!_ f_-om this "life-giving" gas.

.... One of the most unfavorable circumstances is the fact that the sparse
i atmosphere of Mars does not vigorously block the powerful ultraviolet radiation
_ of the Sun, which reaches the planet's surface there. And it is well-known that

the action of such irradiation is destructive to terrestrial life forms. And if
there were no ozone layer in the terrestrial atmosphere, which absorbs a large

!! part of the solar ultraviolet radiation, it is completely probable that there
_ would be no life similar to terrestrial life on our planet.

It is true that one should not forget about the capability of living
organisms to adapt themselves to foreign conditions. In fact there is practically

not a single sterile place on ou_ planet: in the ices of Antarctica and in the
_ scorching heat of the Sahara, in the depths of the Pacific Ocean and on the

gigantic peaks of mountains - everywhere we find the simplest living organisms.
They even live in nuclear reactors1

:_ The photographs of Mars made from onboard the ummnned spacecraft have
_" not given direct proofs of the existence of life on Mars. The abundance of

craters and the absence of tectonic structures similar to those on _arth indi-._ care that there have been no oceans comparable in size with terrestrial ones
within the very recent past on Mars and it is most likely that there never were

_ any. All the same, disregarding this, many scientists prefer not to rush into

i final conclusions on this question. Because of the presence on Mars of relief

£or_$ whose origin can be explained _tly by the action o£ ltquid_ erosion, the
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_ indications of the presence of ice in the southern polar region, and the escape
_ of water vapor from the atmosphere - all of these permit us to suggest the

:_ possibility of life on Mars.

_ Oppositions of _rs /_.._S

;,_ Moving along its orbit, the Earth, having a greater _'elocity than Mars,
covers its shorter path more rapidly, and therefore from tlme to time it over-

_-: takes Mars and then passes it. When this occurs, the Sun, Earth, and Mars lie
: along a single straight-line Such an arrangement of these objects is called an

opposition, because at this time a terrestrial observer sees Mars at a point in
_ the sky exactly opposite to the Sun_ (Figure 18).

": | i;

;- . %

• ...;W'.,,'
j: . .

_! _'_._'"=_._._.'_," ._._,=,,_..._.**._,_%,_,-_._._,_-._,, _ ,_,._'_.,_,m_,_,,:_,_,_'_,_,_',_.,g_._A_' ,,_l_,_' _

Figure 18. Arrangement of the Earth and Mars in

_r Their Orbits at the Time of Oppositions:
:_ A, Aphelia; P, Perihelia. The _istances are

_ given in millions of kilometers, and the angular

_i diameter of Mars as observed from Earth is given

I in seconds of arc. _..
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Oppositions of Mars with respect to the Earth occur on the average every
780 days (the mean synodic period of revolution of both planets). If the orbits
of these planets were concentric circles lying in the same plane, and if they /79
had a common center at the center of the Sun, all oppositions of Mars would be
completely identical, and the distances between the planets would always be the
same. But the eccentricity of the planetary orbits and the fact that they lie

i in different planes disturbs this imaginary orderly picture. Therefore one
opposition differs from another. It turns out that _rs is almost 100,000,000
km away from the Earth at the time of an opposition, and the Earth-Mars distance

_ is shortened to 56,000,000 km at the most favorable of these. Such oppositions
are called great ones. Since the actual synodic period differs from the mean
synodic period by 20 days, the great oppositions are repeated every 15-17 years,
although both planets regularly encounter each other every 780 days in various
parts of their orbits. Since at the time of great oppositions Mars approaches
nearest of all to the Earth and is located at a distance of approximately
56,000,000 km, the most favorable opportunity for astrophysical observations of
Mars occurs at this time. The last such opposition took place on August 10,
1971. But the approach of the two planets to the minimumdistance--Cd_ to the
eccentricity of their orbits) does not occur on the day of the great opposition,
but two days later. On August 12 the Earth-Mars distance was a minimum - 56.2
million km. At this time the diameter of Mars visible from the Earth increased
to 25 seconds of arc, and its brightness reached 2.6 stellar magnitudes (we
point out for comparison that the brightest star Sirius has a brightness of 1.4
stellar magnitudes). Although the opposition itself, strictly speaking, occurs

:_ only at some single specific instant of time or other, it is convenient to
observe Mars prior to and after the opposition (for approximately 2-5 months).

The advantages of great oppositions consist not only of the fact that Mars
approaches close to the Earth, but that they occur in August and September when
the conditions for observing Mars are the most favorable. It is still no less
important that at this period Mars remains comparatively close to the Earth for
several months. Therefore it is not surprising that precisely the years of
great oppositions were always the most fruitful with respect to new discoveries
concerning Mars. It is precisely at these periods or in the years closest to
them that the '_aaria"and "continents" (in 1836 by the Italian astronomer
Fontana), the polar cap (in 1716 by the astronomer Moraldi), and the famous

_ canals and cases (in 1877 by the Italian astronomers Secchi and Schiaparelli)
/ were discovered on Mars. In that same year (1877) the American scientist Hall

discovered the two satellites of Mars. The seasonal variations in color on the

._ planet's surface (1892) and the dust storms (1909) were recorded during periods
of great oppositions. As the result of observations of Mars during the period

_, .-. of the great opposition of 1956_ success was achieved ir ecordlng slgniflcant
_ variations in its atmosphere and on the surface of powerful dust storms and fogs.

The atmosphere of Mars was very opaque and filled with haze. Regardless of this_
_ scientists noticed a variation in the intensity of dark and light features on /80

the planet's surface. During a great oppositionMars is situated in such a way
that its southern hmisphere is turned towards the Sun and the Earth. At this
time it is always fall in the northern hemisphere of Mars and spring in the
southern. Therefore a large part of the information acquired about _tars was
obtained from investigations of its southern hemisphere.
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Phobos and Deimos

The satellites of Mars have a rather curious history. The Irish satirist
Jonathan Swift first mentioned them in the pages of his fantastic satirical novel
"Gulliver's Travels" as early as 1725. Here is what he wrote:

"...This advantage hath enabled them to extend their discoveries much
farther than all astronomers in Europe. They have made a catalog of ten thousand
fixed stars, whereas the largest of ours (referring to the European- N. V.) do
not contain above one-third part of that number. 9 They have likewise discovered
two lesser stars, or satellites, which revolve about Mars, whereof the innermost
is distant from the center of the primary planet exactly three of his diameters,
and the outermost five; the former revolves in the space of ten hours, and the
latter in twenty-one and a half; so that the squares of their periodical time
are very near in the same proportion with the cubes of their distance from the
center of Mars, which evidently shows them to be goverred by the same law of
gravitation that i_fluences the other heavenly bodies..."

This was written by J. Swift at the same period when I. Newton discovered
the law of universal gravitation, which controls the motion of celestial bodies,
and his theory of gravitation agitated all thinking people. Several years after
J. Swift the great Voltaire wrote about the two satellites of Mars in his
'_4icromegas" (1752): "A man more than 30 km in height who arrived from one of
the planets of Sirius together with an inhabitant of Saturn, a real "dwarf" no
more than 1 1/2 km in height, decided to investigate the Solar System. Their
stay on Mars was very brief, since it turned out to be too small for them.
But, similar to Gulliver, they discovered that Mars has two satellites."

°

The actual discovery of the satellites of Mars belongs to the American
astronomer Asaph Hall. Observing Mars in a year of a great opposition (August
11, 1877), A. Hall discovered a faintly luminesce small star near the planet's
bright disk. The following nights were cloudy, but on August 16 the visibility
was again good, and he saw a second such small star not far from the small star
observed earlier. Both of these moved around Mars in the plane of its equator.
According to tradition A. Itall gave them the _ames of the two sons of the Roman

' God of War, Ares (Mars), who accompanied him in battles at the time of the Trojan /81
_ _ar -- Phobos and Deimos (Fear and Terror). Phobos, the nearest to Mars, moves

along an alnost circular orbit at a distance of about 9,380 kilometers frem the
planet's surface. It completes a revolution around the planet in 7 hours
59 minutes 13 seconds, i.e., a little more than three times faster than the

i axial rotation period of the planet itself. If one takes into account the fact
i that the days on Mars last 24 hours 37 minutes, then Phobos has time to race

around the planet almost three times while the planet itself is _kin_ only one
rotation. Incidently, this is a unique case, known in astronomy, in which a
natural satellite revolves more rapidly than the planet itself rotates. In an
hour Phobos has moved by 33". Since the direction of motion o£ the satellite

and the planet are one and the same, an observer located on _ars will see it

_The _Briti_h Cat_tog eg _ixed Stars,,' p_lL_ in 172S, inch_.!e_s ___
3,000.
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rapidly moving counter to the entire stellar round dance and setting not in the
west, as all stars do, but in the east.

_: Deimos is 23,.t _0 kilometers distant from the planet's center. It completes
an entire revolution around Mars in 30 hours 17 minutes 17 seconds. Located on

_ Mars, it is _ossible to observe its slow displacement among the stars from east
i to west by 3--each hour. Therefore it is located above the horizon about 65
_ hours from rising to setting.

For imaginative inhabitants of these two satellites, the planet Mars itself
should appear incomparable with anything, a majestic and truly, splendid picture.
From Phobos the surface of Mars would appear to be 6.7 thousan_ _ times larger
than the Sun as seen from the Earth. And its gigantic body _ ', 1.4 be observed
three times a day in the firmament of Phobos passing throur" _11 "_'.h,__hases
exhibited by our Moon each month.

Perhaps these satellites would not be of especially great interest if they
did not possess certain specific peculiarities.

In the first place, no other single planet has such small moons (the size of
Phobos is 25 by 21 kin, and that of Veimos is 15.5 by 12 km with a measurement
error of from 0.5 to 5 km). In the second place, they are very close to their
planet. In the third place, Phobos and Veimos move along orbits whose planes
are only insignificantly inclined to the plane of Mars' equator (1.8 ° and 1.4 ° ,
respectively). And finally, the American scientist B. Sharpless suspected in
1940 that Phobos was moving in an accelerated manner and very slowly approaching
Mars along a spiral. The period of its revolution is decreasing by approxi-
mately one-millionth of a second. Many different suggestions were advanced
regarding this question. In 1959 the Soviet scientist I. Shklovskiy, having
analyzed all the hypotheses suggested, came to the conclusion that the single
acceptable explanation of the very strange behavior of Phobos may be its hollow-
ness. Thus arose the daring hypothesis as to the artificial origin of the

,, satellites of Mars. According to his suggestion, they were create_ many
millions of years ago by x.ational beings. Therewere probably condltio_s
favorabie to life on Mars at that distant time, and rational inhabitants existed

!. there who had attained a very high level of culture. And it is possible that
they are the abandoned monuments of some highly developed civilization which /82
existed at some time or other. This hypothesis, which is rather close to science

_ fiction, created quite a furor in its time.

_ A scientific co-workor of the Shternberg Astronomical Institute, S. Vash-
_ kov'yak, rather recently worked out a new armlFtic theory of the motion of Mars'

satellites which takes into account the non-sphericity of the planet, the
!_ gravitational influence of the Sun, and the mutual perturbations of Phobos and
_ Detmos. Having applied this theox7 to the observations of the Martian satellite

_= motions 50 (from 1877 S. showed that the calcu-
over years to 1926), Vashkov'yak

lations of B. Sharpless were in error, There is actually not any acceleration
of Phobos. Since the satellites are very small, solar oclipses never occur on
Mars.
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)4ariner-7 photoiraphed Phobos azainst the backgreund of the Nartisn
surface. A careful analysis of this photograph showed that Phobos is shaped

-_ like a melon, and what is most curious, its surface is very dark. It reflects
> about 6q in all of the solar light, and therefore it is the darkest object in
_ the Solar System.

_. The possibility is _.ot excluded that Phobos and Deimos are former
_. -- asteroids which were captured at some time by Nars and consigned by it to their

_ contemporary orbits.

The Sk_,"of Mars /8_..4.4

Even prior to the flight of the cosmonauts, pilots reported that as their
altitude increased, the sky became darker and darker. Its light-blue color

_ gradually changes into blue, and then into dark-blue. This occurs because of
the fact that the higher one goes, the lower is the air density. And in that
case, the pale-blue and blue rays of the solar radiation are scattered less

'. there. We learned from a lecture of the World's first cosmonaut Yuriy Gagarin
that the sky seemed coal-blac_ from the Vostok spaceship. This was confirmed
by other cosmonauts.



Z
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[ Figure 19. )lap of the Celestial Sky of Mars.
S_thern Heslsphere.

_. As we have already said, the density of the gaseous envelope at Mars'
surface is approxlutely the same as at an altltude of $0-35 k_ above the Earth's
surface. Therefore the color of the )4artlan sky in th, daytime has a dark-blue

• _ coloration. In fact the nature of light scattering by a gaseous medium does not
depend on its chemical cc_q "sition but is determined by the sizes of the parti-

_- cles scattering the sunlight. In pure dust-frse air gas molecules scatter the
_ light. Their dimen_tons are evidently Just as small in the _4artian atmosphere
_: as in the terrestrial atmosphere. On Earth the light scattered in the atmosphere
_ colors the firmament _n pale-blue tones. This oc_rs because roll particles

scatter precisely the pale-blue rays inside the gaseous envelope.

Since the inclination of Mars' orbit to the e_tiptic is insi_nificant(only 10_I' in all), the Sun's path among the stars l_usos through the same
_ zodiacal constellations for an observer located on Mars as for a terrestrial

observer (Figure 19). Our diurnal star appears less b_'i_ht, and the diameter of

i its visible disk is o,_e and one-half times miler than when observed from theEarth. The diurnal rotation of the celestial sphere occurs at almost the sm

' t
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speed as in the terrestrial _irmament. But since the orientation of Mars' axis
_ of rotation is different from the position of the Earth's axis in space, the
_ rotation of the celestial sphere occurs around a differ_llt point. The northern
_ celestial pole is situated in the constellation Signus and is not noticeable
_ against the background of the Mllky Way by any kind of bright star. One can
_: find the location of the pole wong the stars at the middle of a line connecting

_ the stars Alpha Sephei and Alpha Cygni (Deneb). The southern pole is located in
the constellation Vela. The outlines of the constellations in the Martian sky

_:_ are similar to the terrestrial ones.

_ Due to a significantly lower atmospheric density than on Earth, the stars
! will look brighter, and their twinkling will be less noticeable. The bright

stars located on the celestial sphere near the z_ith can be seen even in the
_ daytime, of course, in the absence of cloudiness a1_i dustinoss of the atmosphere.

The planets in the Martian sky will be visible, just as on the Earth, within the
_ limits of the _iscal constellations. Since the Earth's orbit lies within the

orbit of Mars, it is impossible to see the Earth in the full )_ha|e from Mars.
The same thing applies to Mercury and Venus. The maximum distance of, the Earth
fro_, the Sun does not exceed 50-55". The belt of the Milky _ay passes through

: both celestial poles in the Hartian sky. Located at one of Mars' poles, an
observer will be able to see during the polar night how tho enormous arc of the /85
Milky May, which passes throu|h the zenith, rotates about him every day. And
he will be able to see at Mars' equator how during the sky's diurnal rotation
the arc of the Milky _ay rises in the eastern direction of the Martian horizon,
passes through the zenith, and disappears below the horizon in the west, as if
it were attached at the north and south points. Simultaneously another arci

appears in the east - the other half of the Milky _ay ring.

! The belt of the Milky Way appears to be the best reference for an approxi-
mate determination of the directions of the horizon on Mars. The points at
which the middle of the belt intersect the horizon line are the north and south

i points.

In conclusion of this chapter it is necessary to say that Mars has an
enviable destiny -there are no people Indifferent to it. The history of its
knowledge indicates that just as soon as soae new hypothesis or other appears,
it ieaediately captures ardent adherence and no less temp_rmental opponents.
But whether the hypotheses are valid or not, the well-known Canadian physiologist

i . Sel_ay note._, they have always detenttned the dtrectior_ og ecientigic. searches.

I,
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O/AFtER 4.
_< VENUS: _IAT DO WE KNOd ABOUT HERI

There is no other planet in the Solar System whose investigation for the /S6
_ last several years has altered the concept of it so strikingly and rapidly.

Even quite recently Venus was imagined by people to be the most _enipmatic
. pl,net. And there were very serious reasons for this. Being blanketed by a

thick and opaque to optical means (telescopes) shroud of clouds, it jealously
concealed frem people the secrets of all that was taking place on its surface.
!ocated nearer to the Sun than the Earth, it is visible in the Sun's direction
when it is nearest to the Earth. It literally "drowns" in its bright rays, and
it even has its hemisphere which is unilluminated by the Sun turned towards us

i at that time.

Hore than 350 years passed fro_ the fine when Gal'leo directed the filst
telescope in the World Bt Venus and saw that it was not a star at all but a
spherical object similar to the Earth, illtminated and heated bt the Sun. He
discovered its phases - evidence of the planet's revolution around the Sun.
The next unusually important landmark in the stud)" of Venus was the discovery

' on it of an atmosphere by the Russian scientist H, V. Lomonosov. This occurred
on Hay 26, _,761. Observing a transit of Venus in front of the Sun, when+it was

,-at inferior conjunction, he noticed the appearance of a white luminescent border
? - a glow thin as • hair - around the portion of the planet which had still not

passed completely onto the Sun's disk. When Venus approached the other edge of
_ _ the solar disk, then a lu_tneacent tin8 was also observed, but now on the other

side, around the dark disk of Venus. H. V. Lomonosov correctly explained this |
phenoRnon as the result of the refraction of solar rays in the dense atmosphere t" of Venus. I recall the lines from his l_:ture to the Russian Academy of Sciences
which have ncw become a classic: '_he planet Venus is surrounded by a notable

air amcsphere, the sam (only not as extensive) as surrounds our terres,'rial /87
sphere..." !

Subssquent observations confir_ed this brilliant conclusion, and t_._
discovered i,_enomennn received its own n_me of the "Lomonosov phenomenon,',

_ After 3S0 years of telescopic observations :-tentists have _r_b,_Lly become

attached to the idea that Venus is very similar to the Ear_. Thi,v convictionwas substsntlated by theoretical calculations and observational results.

Thus if the _iaueter: density, and n_sa of the Earth and the acceleration
due to gzavity are taken as unity, these sine physical quantities for Yms will
be equal to 0.97, 0.88, 0._1, and 0 90, reape6tivel). Therefore one sight
expect that the development of |_,_ interior and surface occurred alnost in _he
sane _ay as the Ear_'s develop_nt. Since both planets condensed in the sue
region of the protoplanetma7 cloud and their avcrsse dmity is s_roximately
the sane, then evidently the evera_e chemical cm_osition of their interiors
should be similar. Yes, and their atmosl_eric compositions are probably i,_anti-

. cal. And in that c_e life similar to that on Earth may have developed under
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physical condition_ on Venus similar to those on Earth. A regular and logical 1 I
comparison led the investigators to such conclusions. !

/

I
In the 1950's it was established with the help of spectral analysis that I

Venus' dense atmosphere consists primarily of carbon dioxide gas. There are Ireasons to assume that the Earth's atmosphere initially consisted of carbon
dioxide gas. And if a large amount of oxygen and nitrogen is now contained in
it, this is associated with subsequent changes in the atmosphere's composition
due to the effect of she vital activity of vegetab?e and animal life.

Study of photographs of Venus has permitted the Soviet astronomer N. P.
Barabashov to establish that Venus reflects sunlight the same way as does a
surface possessing certain mirror properties. Proceeding from this fact, he
concluded that Ven_s is probably covered by a continuous layer of water - an
ocean. The large carbon dioxide gas content in its atmosphere can be explained
by the fa:t that it is isolated from the solid surface. If this were not so,
all the carbon dioxide gas would enter into chemical reactions with the rocks
and would be used to convert them from silicates to carbonates. The discovery
of carbon dioxide gas on Venus resulted _n one more attractive hypothesis.
Conditions prevail on Venus which are similar to =hose on the Earth over
200,000,000years ago in the Carboniferous Period, when tree-ferns grew every-
where, the climate was very warm and humid, and the sky was continually filled
with cloud_.

In 19r6 it was established that Venus emits radio waves. Radio astronomers
_mmed_ate,yused this discovery. In fact the radio waves have a very important
advantage over light rays (and also over ultraviolet and infrared rays): they
pass freely through the cloud layer and dense atmosphere of the planet, and
therefor_ they can tell us much about the properties of its surface and the /8__8
conditions which prevail on it. In radio astronomy the intensity of the radio
emission of the planets is expressed in units of the so-called "radio brightness
temperature''I0. For thermal radiation it is close to the true temperature of
the radiating object. The duration of the investigation of Venus' radio emission
in the centimeter wave region, which pa_s throvgh the Earth's atmosphere almost
uuhin__red and, as was expected, through Vem 3' atmosphere, led to notions that
the surface of Venus may be very hot with a temperature of 350-400°C.

Radio astronomers struck a very appreciable blow against the attractive and
promising hypothesis as to the dawn of lif_ on V_us with this literally sensa-
tional discovery. It turned out that Venus emits radio waves like a black body
hes ed up to 400°C. It is completely clear that ,* such a temperature life
(in our terrestrialunderstanding) is unthinkable. Yes, and it is unnecessary
to speak about the presence of a continuous ocean on Venus. Therefore there can
be no rote talk about any similarity of conditions on Earth and Venus. But since
these new data have contradicted the traditional views and established hypotheses,
many scientists could not believe that the source of this radio emission

10The radio brlghtness temperature is the temperature of an absolute black body
with equivalent emission in the radio region.
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I
was the burning hot surface of Venus. Therefore o_her, no less interesting

hypotheses then arose which attempted to reconcile these new results with notions
about a cc:paratively temperate climate on Venus. The planet's high surface
temperature, asserts the American scientist C. Sagan, is explained by the fact
that more than 40% of the sunlight reaches the planet's surface and thereby
heats it up greatly. A heated-up surface emits, as is we11-known, heat in the
form of infrared radiation which is strongly absorbed by the carbon dioxide
gP_ and water vapor of Venus' atmosphere and thereby warms it up, similar to the
w_ in which glass holds _n the heat in greenhouses and warms them up. Thus
Venus' entire atmosphere acts like a gigantic greenhouse, holding in the solar
heat. An analogous greenhouse effect is observed on the Earth. It is produced
by the fact that the terrestrial atmosphere is significantly more transparent
to solar radiation than to the thermal emission coming from the Earth's surface.
However, a large amount of water or a high pressure at the planet's surface are
necessary to achieve the greenhouse effect. Therefore, points out the astron-
omer D. Johnson, the enhanced radio emission in the centimeter range is
attributed not _o Venus' surface but to its hot ionosphere. Similarly to the
Earth's atmosphere, there may be a ] ,yet in Venus' atmosphere with an enhanced
concentration of charged p_rticles (ions an_ electrons), the so-called iono-
spheric layer, which is the source of the emission of the centimeter radio waves.
They indicate a strongly heated ionosphere of Venus.

i No, centimeter waves give the correct idea as to the surface's high /89
temperature, asserted the Irish astronomer E. Opik, but the cause of its being
heated up so greatly is not the greenhouse effect, produced by the atmosphere,
but very powerful winds transporting clouds of mlneral dust. The kinetic
energy of the winds is again converted into heat due to the friction between the
ddst particles.

The Soviet scientists A. Lebedinskiy and V. Vakhnin suggest that the source
of Venus' radio emission may be completely due to decaying discharges occurring
in itR atmosphere. It is known that the so-called decaying electrical discharges
in . _sfied gases produce very intense radio noise emission with little thermal

heating of the medium surrounding the discharge. Let us recall that the usual
gaslight tubes used in luminescent advertisements produce radio noise emission
equivalent to a temperature of 10,000-40,000 ° Celsius, but intense infrared
radiation is absent, and the walls of the tubes remain cold. The noise e_.is-
sion originating from a decaying discharge is constant i,_ intensity with time
and has a continuous spectrum of frequencies, which makes it practically
indistinguishable from the radio noises of a heated object. One can suggest
that continuously or almost continuously similar decaying electrical discharges,
creating an enhanced intensity of radio noises, occurs in the upper layers of
Venus' atmosphere.

And so one logically arrives at the following interpretation: Venus'
surface has a comparatively low temperature of the order of +50-60°C, and
decaying discharges, which give an incrment to the equivalent radio noise
temperature of the order of 200-250°C, are "responsible" for the re_ining
part of the radio brightness.
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This brings to our attention the faCt that the "daytime" and "nighttime"
- sides of the planet are identically "hot". In connection with this, the obvious

suggestion arises as to a high internal temperature. Using the methods of radar
probing of Venus, it has been possible to establish the rate and direction of
rotation of Venu,. refine the distance to it, and determine the radius corres-
ponding to the level of the cloud layer. It turned out to be equal to 6,050 +
+ 5 km. The variation of elevations on the planet'._ surface evidently does not
exceed 5 kin. It turned out that a large portion of the planet's northern
hemisphere is mountainous, and the southern hemisphere is comparatively smooth.

The perfecting of spectral methods in the infrared radio wave region came
simultaneously with the attack on Venus' secrets by radio astronomical and
radar methods. They gave the first estimates of the chemical composition and
temperature in the sub-cloud layer of the atmosphere of Venus. The results of
the spectral measurements indicated the presence of carbon dioxide gas and also
of minor impurities: oxygen, water vapor, hydrogen chloride, and hydrogen
fluoride. However, they did not permit obtaining a unique answer for the cause
of the high radio brightness temperature of Venus. A still larger indeterminacy
was in the estimates of the value of its surface pressure: to what pressure can
the corresponding very high temperatures correspond? This question remained /9__O0

- unanswered. With the atmosphere's chemical composition not known, values from
one to several hundred atmospheres w_ere-quoted even on the assumption that the
surface of Venus is hot. It was also not known what was the natu_'e of the
temperature variation near the clouds and what the depth of the atmosphere was.

Individual contrast features not _istinguishable in the visible part of the
- spectrum were detected in the structure of Venus' clouds when observing from the

Earth in the ultraviolet. It was discovered that the shifting of these features,
which received the designation of "ultraviolet clouds", along the planet's disk
occurs far more rapidly than the intrinsic rotation of the planet itself -
approximately 60 times faster. A leading rotation of the Earth's atmosphere no
more than by a factor of 1.2-1.4 has been found only at significantly high
altitudes of 150-400 kilometers. The nature of this interesting phenomenon is
still not completely clear. On Venus it is most likely associated with
peculiarities in the heat exchange and planetary circulation at the level of the
cloud layer.

A very sharp qualitative discontinuity occurred recently in our knowledge
of Venus' atmosphere when the automatic Interplanetary stations not only prcbed

: its atmosphere but lan_ed on its surface.

First Scouts of Venus

Soviet scientists, engineers and workers, the creators of the Venera series
of unmanned spacecraft, made an enormous contribution to the Substance of the
investigatlon of Venus. The first such spacecraft, Venera-l, was launched from
the Soviet cosmodrome at Saykonur on February 12, 1961 (Figure 20). After 97

- days of flight, it flew by at a distance of 100_O00 km from Venus and went into
_ orbit as a satellite of the Sun. Among the problems it studied were cosmic
._ rays, magnetic fields, the interplanetary gas, meteoric particles, and solar /9___1 ;

._, 80
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radiation. It was also necessary to explore the possibilities of extremely long-
! -distance radio communication and flight control in near-solar space, The radio

link with the spacecraft was maintained out to a distance of 23 million kilometers.
At this time this was a record for deep space co_sunicationl Having blazed the
first interplanetary path in the history of terrestrial civilization with a
length of 270 million kilometers, the spacecraft went into a heliocentric orbit
and became an artfficial satellite of the Sun.

Approximately a year later, on
: _ August 27, 1962, the _ericanMariner-2

:' spacecraft was launched to Venus.
_ !! Having covered in 109 days a path of

240 million kilometers, it approached I
Venus to within 35,600 kilometers.

._ 1_en the spacecraft went into a helio-
x_ centric orbit and also became an

i _ artificial planet of our Sun. 1_e/
' instruments mounted on it communicated

_)i that Venus does not have a ma_tetic
' field and radiation belts. I

!

As the result -_ these investi- i
gations, scientists found out that the !

.i temperature of the planet's surface is I
very hot, the atmospheric pressure is !

.............. _......................................................... tens of times greater than that on
Figure 20. Schematic Diagram of Earth, and the density of its atmosphere
the Motion of the Venera-1 Unmanned is higher by far.
Spacecraft Relative to the Sun
(Projection onto the Plane of the On November 12 and 16, 1965 two
Earth's Orbit): A, Position of the Soviet unmanned spacecraft- Venera-2
Earth at launch; A', Position of and Venera-$ - were launched to the
the Earth upon the spacecraft's mysterious planet. Both of them had an
rendezvous with Venus; B, Position orbital and a special hermetic compart-
of Venus at launch; B', Position ment. The descent stage of the Venera-
of Venus at rendezvous with the -5 spacecraft consisted of a sphere
spacecraft; y, Direction to the 900 millimeters in diameter within which
vernal equinox, scientific instruments were mounted.

On February 27, 1966 Venera-2, having completed the flight along its helio-
centric orbit in 108 days, flew by at a distance of 24 thousand kilometers from
the surface of the investigated planet, and Venera-3, after a 106-day flight,
first entered its atmosphere and on March 1, 1966 delivered to Venus' surface a
pennant with an image of the USSR coat of arms on one side and a diagram of part

?

_ of the Solar System on the other side. 1_e position of the L_rth and Venus in
their orbits corresponded to the time for the flight of a _pacecragt to the

_ neighboring planet. For the first time in the histo_/ of comonau_ics, two
spacecraft flew along almost the same identical path. On account oe this

_: scientists were given the opportunity to compare readings of their scientific
instruments. Investigations carried out by the_e spacecraft pemitted refining
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a numoer of important characteristics associated with the dynamics of inter-
- planetary spaceflight and obtaining scientific data about outer space in the

year of the quiet Sun. --"
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Figure 21. The Venera-4 Unmanned Spacecraft in the Assembly
Shop.

The flight of the unmanned Venera-4 spacecraft (Figure 21._ was the greatest
success in the study of Venus m,d a new prominent contriSutio,_ to the develop-
ment of our native cosaonautics. Launched on June 12, 1967, it covered a path
of 350 million kilometers in 128 days, and on October 18 it entered the upper
layers of Venus' utmosphere (Figure 22). A descent stage weighing 383 kilograms,

:+ which as a fire-proof sphere surveyed the sky of Venus, separated from it and,
i having been braked in the planet's atmosphere, completed an almost one an_ one-

-half hour smooth desceut by parachute. First direct measurements were carried
_' out of the chemical composition, _e_perature_ pressure and density of Venus' /92
+ atmosphere. It was established that the temperature upon descent along a stretch""
_ with an altitude differential of the order of 28 kilometers increased from +25

82
c.
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to +270 degrees Celsius, and the atmospheric pressure varied in the same inter-
val from i to 18.5 atmospheres. With the help of a magnetometer and four charged
particle traps, a sharp increase of the aagne_tc field and the fluxes of positive
ions was recorded for the first time. This evidently occurred as the result ofJ

the spacecraft's passage through a shock wave front which arises upon the solar /9___3
plasma's flowing around the pla,_et's body.

t

Figure 22. Main Phases in the Flight of the Venera-4 Space-
craft: 1, Placement into an intermediate orbit as an artificial
Earth satellite; 2, Transition to the flight trajectory to Venus;
5, Correction; 4, Planetary approach phase; radio link with the
Earth via the parabolic antenna; S, Braking iof the descent

• stage in Venus' atmosphere; 6, Descent by parachute; Conducting
6f scientific measurements _nd transmissions of information to
_he Earth.

The most important result was the analysis of the samples of gaseous
composition, which put an end to arguments about what gas predominates in the
atmosphere of Venus. It turned out that the atmosphere consists almost entirely :,
of carbon dioxide and not of nitrogen, and water and oxygen are minor impurities.

Days after this unique experiment the American Hariner-$ spacecraft flew
• near Venus. Froa a distance of about 4,000 ktlomoters, it "illuminated: wit, _. _ts

radio beam right through the atmosphere of Venus along a tangent to the planet *s
surface. This radio beam was received on Earth. Having compared the observed
change in frequency with what it would have been in the absence of the atmosphere
due to the Doppler effect, scientists studied the variation of the index of
re_raction in the altitude range 70-35 kilometers. After a careful reduction of
the data obtsined by the sounding of Venus' atmosphere by the Venera-4 space-
craft, and also taking into account the results of the recent radio astronomical
and radar measurements obtained by th._ Kariner-5 spacecraft, scientists advanced

!_ the suggestion that the values of the pressure and temperature at the planet's
_ _ surface should be higher. But what are they? in order to get an answer to thi_
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question, Soviet scientists carried out a new more complex experiment, namely:
the sounding of Venus' atmosphere simultaneously by two spacecraft of the same
kind at two different but adjacent regions of the plal,et. For this purpose
the Venera-5 and Venera-5 unmanned spacecraft were launched on January 5 and /9_
i0_ 19_9. Having safely survived all the dangers of them any-_onths space
journey, both spacecraft reached the designated planet on Hay 16 and 17 of the
same year, and they completed a smooth descent in its atmosphere and delivered
to its surface a pennant with a bas-relief of V|adimir II'ich Lenin and an image
of the coat of arms of the USSR.

Both spacecraft resembled their predecessor _ith respect to their design,
but some systems and instruments were improved or replaced, taking account of
the results obtained earlier. Thus, for example, the investigators proceeded
in their preparation of the Venera-4 unmanned spacecraft on the basis that
nitrogen is the main component of Venus' atmosphere and that there is more of
it than there is carbon dioxide gas. Therefore the nitrogen detector (the
instrument for measuring nitrogen) _as designed for large amounts of nitrogen,
but it turned out that there is less than 7_ of it in Venus' atmosphere, while
carbon dioxide gas accounts for more than 90_. Prior to the flight of Venera-4
astronomers assumed that the pressure at Venus' surface should be far greater
than in our terrestrial atmosphere. But how much greater? A pressure of 10
atmospheres was considered to be the most probable. The Venera-4 spacecraft
communicated that the pressure was far greater and was about 20 atmospheres.
The temperature on Venus turned out to be unusual. Therefore the instruments
mounted on the Venera-5 and Venera-6 spacecraft _ere designed for higher pressures
and temperatures. A more refined radio altimeter _as also used. It permitted

- altitude readings not just at a single point (as on the Venera-4 space-
craft) but at a series of points, _hicb of course permits "tying in" any
measurement to an altitude level and constructing a map from them, figuratively
a so-called '_odel atmosphere" (ie., the altitude distribution of pressure,
density, temperature, and chemical composition). Therefore the main purpose for
lau_ching the Venera-5 and Venera-6 spacecraft was to increase the accuracy of
measurements of the chemical composition along _ith the atmospheric parameters
indicated above and the altitudes corresponding to them as _ell as to increaseL
the penetration depths of the spacecraft into Venus' atmosphere. In connection

_, with this the housing of the spacecraft's descent stages _as strengthened so
that it could withstand an external pressure not only as high as 25-27 atmos-
pheres but much higher. The main parachute's area was decreased in order to
increase the descent stage's rate of descent in Venus' atmosphere by a factor

! of 4.

_ - Both spacecraft, each 405 kg in mass, entering Venus' atmosphere at a velocity
of 11.2 km/sec at an angle of about 65" to the local horizontal. The rate of

_ descent of the descent stages was lowered to 210 m/sec for a brief time due to
aerodynamic braking. After this the pa:achutes (drag and main) opened, and
scientific measurements began in the planet's atmosphere, continuing for more
than 50 minutes. Just as in the case of Venera-4, the descent of these space-

_ craft was accomplished on the nighttime side approximately 2,700 km from the

morning terminator and approximately 300 la_ from each other. The spacecraft

"_i penetrated 7 km deeper into the atmosphere than Venera-4, and 20 km deeper than
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the "radio occultation" level of Mariner-5. During the entire descent measure- /95
ments were made o£ the pressure, temperature, and density with a tie-in of
these quantities to altitude above Venus' surface. The results obtained not
only confirmed the Venera-4 data but also permitted refining them. According

- to the spacecrafts' data, the concentration of carbon dioxide gas in the planetts
atmosphere reached 95-97_, while a value o_ 90_ was obtained _fTom measurements
of the Venera-4 spacecraft. The nitrogen content along with the inert gases
amounted to 2-5_, and the amount o£ oxygen did not exceed 0.4_. The measure-
ments of the Venera-4 spacecraft showed that the nitrogen content in the planet's
atmosphere was less than 7_, and that of oxygen less than 1_. The water vapor
content derived by the Venera-4 spacecraft at levels corresponding to a pres-
sure of approximately 0.6 atmospheres lay within the limits of 1-g milligrams
of water vapor per liter of atmosphere, and the measurements of the Venera-$
and Venera-6 spacecraft shc::_d that the water vapor content at an altitude level
corresponding to a pressure of 0.6 atmospheres was from 4 to 11 milligrams per
liter. This result indicates that Venus _ atmosphere is not saturated with water
vapor. The pressure and temperature measurements were carried out on the
average for 40-50 seconds. More than 70 pressure measurements and 50 temperature
measurements were made during the descent of each spacecraft by parachute. Due
to this thetemperature and pressure and Venus' atmosphere were measured at
every step of the sounding with an accuracy of several percent.

The Venera-4 spacecraft made measurements along a stretch where the
temperature increased from 25 to 520°C and the pressure from 0.$ to 27 atmos-
pheres. The variation of temperature with altitude in the measurement interval
differed little from the adiabatic distribution. On the basis of data derived

for the temperature, pressure, and chemical co_position, the sections of the
spacecrafts' descent in Venus' atmosphere along which t_e measurements of
atmospheric parameters were carried out from the times at which the main para-
chutes were opened were calculated. The differences between the altitude values

:: recorded by the radio altimeters were in good agreement with the calculated
values computed by two independent methods: from the rate of descent of the
descent capsule by parachute and from the condition of hydrostatic equilibrium
of the atmosphere. The section of the measurements of atmospheric parameters
for the Venera-5 spacecraft amounted to $6 ks, and for the Venera-6 spacecraft
it was _8 ks. Based on the preliminary data, the altitudes recorded by the
spacecrafts' radio altimeters at identical temperature and pressure values
differed from one another by 12-16 ks. According to the radio altimeter data of
the Venera-5 spacecraft, a pressure of 27 atmospheres corresponded to an alti-
tude of 24-26 ks, but according to the radio altimeter data of the Venera-6

-spacecraft, the same pressure corresponded to an altitude of 10-12 km. Since the
pressure of 27 atmospheres recorded on both spacecraft corresponds to one an_
the same level in the atmosphere, and the descent occurred above different
regions of the planet's surface, then a probable explanation for the difference
in the radio altimeter readings of the Venera-5 and Venera-6 spacecraft might

be the existence of significant inequalities in the surface relief on Venus. /9__6
Actually, we also observe on Earth differences in the surface level as large as

20 km (the Himalayas and the Mariaaas trench in the Pacific Ocean). There is
i_ no liquid water on Venus, but the inequalities in relief may be of the same scale
_ as on the _arth. The results of experiments which have been carried out have

once more confirmed that Venue possesses an extensive dense atmosphere and has
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very high values for pressure and temperature at its surface. If the planet's
temperature varied according to the adiabatic law right down to its surface,
then the temperature would be about 400 ° and the pressure of the order of 60
atmospheres at the surface level determined by the radio altimeter of the
Venera-6 spacecraft, but at the surface level determined by _.he radio altimeter
of the Venera-$ spacecraft the temperature and pressure would reach, respective-
1¥, values of the order of 530eC and 140 atmospheres.

Thus the Venera-5 and Venera-6 spacecraft transmitted data from deeper
layers of the atmosphere than Venera-4. They permitted a significant refinement
by means of direct measurements of the chemical composition of Venus' atmosphere
and obtaining important profiles of its temperature, pressure, and density over
a section of about 40 km in depth, which exceeded the intervals of the preceding
measurements.

The Soviet scientists M. Ya. Marov, M. K. Rozhdestvenskiy, and V. S. Avduev-
skJy calculated that if the temperature varies according to the adiabatic law
down to the surface, then the temperature and pressure would be 770°K and lOO
atmosphores, respectively, with possible deviations of ±60°K in temperature and

_ t40 atmosjpheres in pressure, at the mean surface level defined as the arithmetic
_ mean o£ the radio altimeter readings of both spacecraft. But there is reason

to suggest that due to the intense absorption in the lower layers of Venus'o

atmosphere by gas and dust the temperature gradient will gradually tend to zero.
"_ Then the temperature at the planet's surface is 685 -+ 10°K and the pressure is

110 -+ 50 atmospheres.

In order to make measurements below the level reached by the Venera-5 and

Venera-6 spacecraft and to accomFlish a landing on the burning hot surface of
_ the planet, the Venera-7 unmanned spacecraft was launched to Venus on Ausust 17, /9.__7
_ 1970. After a 120-day flight, which covered a distance of about 520 million
_ kilometers, the space_raft reached the target planet on December 15, ]970, and
:., its descent stage completed for the first time a landing on Venus' surface
_ (Figure 25) Since the preceding measurements by the Venera-4, Venera-5, and
_, Venera-6 spacecraft showed that the planet's atmosphere was very hot, it was
_ _-advisaole to reach the still uninvestigated regions as quickly as possible. In
ti order to provide the most favorable temperature conditions for the descent stage /9__88

of the Venera-7 spacecraft along the main terminal portion of its descent and

at the planet's surface, the design of the descent stage's parachute system was
_ subjected to significant changes, and due to this, the Venera-7 spacecraft passed
. through the upper regions of the atmosphere significantly more rapidly than its

,_, predecessors. In order to measure the temperature and pressure in the planet's
- atmosphere, a special instrunent was installed on the descent stage of the Veaera-

_ -7 spacecraft which permitted measuring the teu_erature in a range from 25 to
5400C and the pressure from 0.5 to 1S0 atmospheres C_iooure 24) Based on the

' moisture content in the atmosphere's upper layers, the condensation level of
water vapor was determined, i.e., the lower boundary o£ the cloud layer, which
is located approximately 60 ks from the surface (we note that on Earth the uain

_ mass of clouds is located at an altitude of only a few kilometers fron the
_ surface) ; one can assume that the thickness of Venus' cloud layer is no less than
_ 8-10 ks. Irregardless of tt fact, there is very little wacer on Venus, and it

--. is all located in the atuos_ re. The depths of Vemas' atmosphere was determined

•_ __-
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on the basis of the radio altimeter readings. In particular, the measured
distance from the planetts mean surface level to the descent stages when they
reached the zone where the pressure is about 1 atmosphere (i.e., the pressure

•which occurs at the surface of the Earth) was approxinately 52-53 km. Venera-7
conducted a sounding of the atmosphere from an altitude of 55 km to the surface
and functioned on the surface for 23 minutes. The spacecraft's rate of descent
was measured from Earth by means of the Doppler variation of the frequency of
radio waves continuously emitted by the spacecraft's radio instrumentation.
For the first time in the history of space exploration a direct transmission of
scientific information was carried out from the surface of another planet. The
data obtained from the station permitted establishing reliably that Venus
possesses an exceedingly extensive strongly heated atmosphere. At the space- /99
craft's landlng site the atmosphere's temperature was 475 ± 20°C and the
pressure was 90 -+ 15 atmospheres. The gas density at the planet's surface was
60 times higher than the gas density of our terrestrial atmosphere and, conse-
quently, only 17 times less in all than the density of water.

8 /__ +-: The year of the Fiftieth Anniver- i
+_++++.+++t++.+ :+p+_.++++,++,++:+j_+,_++-+++..++- sary of the formation of the Soviet i
+_ +'+_ , , . . ,+. .+ , . '.,
++ _aa _ L":+:?'_ " Union was commemorated by a remarkable
i_i+_+_++ ] _._4:12;a_, new achievement in the investigation

___ __ of Venus. On July 22,1972 the_':_'_ " + Venera-8 unmanned spacecraft after a
m__ +:- +-'_ ++ + ll7-day flight, having completed its

: ' , _++ -+ ++_+++ 4-month interplanetary journey,
++_+_ + _+_F+_+ carried out for the first time a soft
• +S : I+:_ +_+_+_++ landing on the side of the planet

+ Figure 23. Descent in Venus' illuminated by the Sun. In order to
Atmosphere of the Venera-4 Through complete this truly unique experiment
Venera-8 Unmanned Interplanetary _+ by Soviet scientists and engineers,
Spacecraft: 1, Orbital compart- it was necessary to solve a number of
ment; 2, Star orientation detec- completely new problems. First of all,
tot; 5, Constant solar orientation _ as the spacecraf_ approached Venus,
detector; 4, Gas tank; 5, Sun-Earth it was illuainated only by its narrow
orientation detector; 6, Detector crescent --about one-tenth of the disk.
and magnetometer booN; 7, Narrow- The u_ximm diameter of the landing

i -beam parabolic antenna; 8, Slightly region did not exceed 500 ks. If the
! directional antenna; 9, Radiator of smallest deviation had occurred in the
i_ the thermoregulation system; flight path, the spacecraft would have
_ 10, Solar battery panel; 11, Cor- "bounced" ar_t gone back into outer

space or it would have "venused"
i+ rection motor assembly; 12, Micro-
+,_ motors of the star orientation (T_anslator's note: this is a play on

system; 13, Descent stage, the word landed] on the ,_ightti_e side.
_i In case of too steep an entry into the
• planet's amosphere it would have been

destroyed as the result of the large overloads, an& in the case of an unneces-
sarily shallow entry it would have flown past the planet.

/
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During the descent from an altitude of SS Ion and down to the planet's
....surface, measurements were carried out of the temperature and, pressure, It was

established that no significant differences in the altitude distributions of
temperature and pressure were detected on the daytime _nd ni_htti_e sides. At
the landing site of the Venera-8 spacecraft, the temperature was 470_C ± 8OC,
and the pressure was about 90 ataospheres. These data are very. _sl_Lilar to the
values obtained by the Venera-7 spacecraft. One of the main pro_eai of

; landing on the side illu_inated by the Sun consisted of determining whether or
not sunlight penetrates to the planet's surface or is alaost completely blocked
by the ataosphere and the clouds. In brief, the question was whether it is
light on Venus in the daytime or obscured by darkness, l_r thi_ purpose

} measurements were carried out of the illtmination in the atso_ ,ere and on the
: planet's surface. In erder to solve this cc.,_plex problem a _;_erial device- a

photometer -wL _ _unted on the spacecraft. It peraitted measuring the illuain-
_ ation over a wiJe region of the solar spectrua.

i
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27 ' _ I / On the basis of the information2626 '_.m_v _ /5 obtained the scientists concluded that

2 _ a certain fraction of the solar radia-

Wl,r_m__ tion in the visible spectral region
: 22 .... .7 penetrates to the planet's surface, and

' 2 , __ !_ _ i .- _' noticeable differences exist there with

' _--,,: ..---.. 'I_!I respect to illumination in the daytime
"_'._ and at night, namely, Venus' atmosphere

_i _ _-_:._,..... ,_/i.,,. si,niflcantly weakens the sunlight.I_ !_, i :, i._//; Using a speclal device the umonla
20"/'; >_. _'_8 content in Venus' atmosphere was measured.
18 -., • -/":/'_lO It was established that its volume con-

/_,,_._ _-- _:_._.\ tent lies within the range 0.01 to 0.1%.
16 # ' __,_,_'\ 12 11 Upon the spacecraft's descen_ the17 18 14 13

, _ horizontal wind velocity was measured.
Figure 24. Layout of the Descent At altitudes of about 45 k_ it was
Stage: I, Drag parachute; greater than 50 m/sec, and at an alti-
2, Main parachute; 3, Cover of the rude of 10-12 Ion it dropped to 2 e/sec.
explosive charge; 4, Trensmitting
antenna; 5, Densltometer detector; These measurements confirm the
6, Grooved charging vent; 7, Des- presence of a zonal (latitudinal) wind
sicant; 8, Ventilator of the directed from the terminator towards
thermoregulation system; 9, Pres- the daytime side, i.e., in the direction

t sure vent; 10, Commutation unit; of Venus' intrinsic rotation, and they /10___0
I 11, 16, Acceleration detectors; have important significanc_ for under-
i 12, Transmitter; 15, Mechanical standing the al_osphere*s dynamics.

oscillation damper; 14, Power
supply; 15, Onboard transmitter; A large r-_,e in the program of the
17, Time-progra,ming unit; planet's i_ "'-, atlo_s was assigned to
18, 19, 20, Units of the external the study _, :.. _. phTslcal-cnemical
heat protection design; 21, Inter- proverties _._ _'.,, planet's surface.
nal thermal insulation; 22, The-ao- Inforutio, _ _ o_t: .. 4 about the
regulation system; 23, Descent dielectric ¢on_" .... density of the
stage's housing; 24, Explosive soil from an a'.-:_ ; ):; the level from
charge; 25, Cover of the parachute which radio w_ :t_d by a device r *

comparment; 26, Radio altimeter during the des : :. _oce_s w,_re reflected.
:* antenna; 27, Gas analyzer. The results of t,_se measurements offer
i a reason to assume that at the descent
: site the planet's surface layer is rather friable with a soil density much less
: than one and one-half grams per cubic centimeter.

_' The results of a measurement o_ the content Of natural radioactive elements

_, in the surface layer of Venus at the spacecraft's landing :ite have great si_ni- ,
,_ ficsnce. It is possible to detemine the nature of a z_ck from its total chomi-
_ cal and mineralogical composition. Moreover it is possible to get sn idea a_ to
_ -- the nature of a rock from the set of individual chemical elements which art

_. #?r -- sufficiently characteristic of this or the other type o_ rock. For exn_ple, .Tom
the content in the rocks of the natural rad2oactive elements: uranium, thorium,
and Potassiun. Therefore a 8anna.ray spectrometer was umunted on the spacecz_t .
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which determined the content of radioactive elements in Venus' surface layer
from their Sarans-radiation. An instrument was mounted inside a simula,+.or of the

i Venera-8 spacecraft to approximate the ueasurement conditions to the actual
conditlcns of the experiment on the planet. The measureuents were carried out
on granites, basalts, and other rocks. In addition the spacecraft's Intzinslc
background was measured above a fixed outcrop which had an exceedingly low coi:-

*_ tent of natural radioactive elenants. This background was caused by gauna-
-radiation of natural radioactive elements prese_at in the form of minute
impurities in the construction materials of the spacecraft and the instrument.
Three uasurements were carried out of the integrated intensity of g_a-
-radiation upon the spacecraft's descent in Venus' atmosphere, and one measure-
ment was made after its landing on the surface. The intensity recorded during

- the descent did not vary by a noticeable amount, which indicates the virtual
absence of a contribution of emissions due to short-lived isotopes f6rmnd under
the influence _f cosmic rays during the spocecraft's flight in outer space.

After the descent stage's landing an Inccease was recorded in tt, e integrated
gala-ray spectrum. All the information from the spectrometer was completely
decay of natural radioactive elements contained in Venus' surface layer.

During the time of the spacecraft's active presence on Venus' _,'face
(50 mini, the transmission of [n gornat ion regarding the acnospberi.: parameters
(temperature, pressure, illu_inatior,, wind velocity, and 8mtonia content) and the
character'-tics of Venus' soil was carried out. Measure_an_s were made of the

ganma-ra_ spectrum. All the information from the spectrometer was completely
read out twice. Measurements of the gamma-ray spectra permitted carrying out /10.._._1
a quantitative determination of the uranium, thoriu_ and potassium content i;.
the surface layer. Based on the preliminary data, the surface _sterial at the
spacecraft's landing site c?ntained 4t potassium, 0.0002_ uranium, and 0.00065t
thorium, reminiscent in, content, of radioactive elements and, with regard to
their ratio, of the composition of terrestrial granites. Thus the Venera-8
spacecraft discovered a rock relatively rich in potassium, uranium, and thorium.
Under terrestrial cvnditions such a ratio of the elements, especially the

-_ relative richness of potassium, is characteristic of rocks which have been
subjected to secondary alterations under the influence of di£fe-mt factors of
the surrounding meditm after an initial extraction frem the planet*s interior.

" These data are a very v_luable contribution to the study of Venus' geology.
I e. is true that they were obtained only for a mall region of the planet's sur-
face; however, subsequent investigations will permit covering other regions and
drawing sufficiently specific conclusions as to the processes which have occurred
in the solid envelope of Venus and the nature of its evolution.

During the flight ._+ninterplanetary space, an increase of solar activit.v was
_ recorded by the spacecraft - four powerful solar fl-ras. Measurements wore _ule

of the ultxaviolet radiation produced by the neutral atouic hydrogen dispersed
in interplanetary space. Its intensity increased by a factor of 2-$ at some
points of the flight trajectory. In additioe the ra_ieuetric instr_mantation
mounted on the spacecraft po.ulttod Invostlgs _.,n_ the dyunJcal processes in
interplanetary space associated with solar activity. The -,nfirnation and

i refinement of the t_mporature and pressure information o_ :, _ned earlier was

1 .o
i "
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exceedingly important. It turned out to be unbearably warm on Venus' surface,
and the pressure was exceedingly high.

i _ _ And so good-bye to most beautiful dream about a greenhouse planet -the
i _ younger sister of the Earthl The unmanned spacecraft have overturned the most

attrac_._.ve prediction and s_own that it is oppressively hc_ on Venus, there are
no oceans, and there are probably none of the life forms known to us. Evidently
a difference in the evolutionary processes occurring on the neighboring planets,
Venus and Earth, resulted in such a significant contrast in the physical-
-che_ical characte_:istics of their atmospheres.

Why does Venus' surface have auch a high tmperature? It is easiest to
explain this by -he effect of the greenhouse mechanism, which should operate far
sore effectively on Venus than in the Earth's atmos:,here. In fact it is
approximately one-third nearer to the Sun than is the Esrthl The mixture of
carbon dioxide ga_ and water vapor causes a very strong screening effect on
thermal radiation. This effect increases significantly as the tesrp_rature and
pressure increase.

But the high temperature, the large atmospheric pressure, and the sig._ifi-
cant carbos_ dioxide gas content - are these factors connected with each other
or not? Undoubtedly, asserts the eminent Soviet scientist A. P. Vinogradov.
The high teuperature facilitates the conversion of carbonate rocks into sili-
cates with the liberation of carbon _,oxide gas. On Earth *.he carbon dioxide
gas is bound up and converts into sedimentary rocks as the result of the action /10___2
of the biosphere, which is absent on Venus. On the other hand, a large carbon *
dioxide gas content facilitates the heating up of Venus* surface and the lower '
layers of its atmosphere. On the Earth water and carbon dioxide are contained

-" ir the Earth's crust in the bound state, and on Venus they '_ander". If we
_ raise up into the air all the bound carbon dioxide gas, the atmospheric pressure

would increase by a factor of 45_ Then it would appear to be similar to Venus'
as far as composition and pressure is concerned. Of course, the analogy cr.nnot
be complete. Everything must be far uore complicated. The carbon dioxide ga_
which exists in the EPrth's atmosphere is the product of the vital activity of
plants and anisa! _. ,n addition, carbon dioxide gas is removed from the
atmosphere due to puzely chmi_al reactions. The fate of carbon dioxide gas
on Venus was different. Venus is closer to the Sun, and therefore it is heated
up sore strongly. Independent of the other circumstances, _his would cause the

:_ transition into Vea,, ' atmosphere of large amounts of water and carbon dioxide.
Carbon dioxide, due to its physical-chmical properties: is able to absorb solar
heat and the beat emitted by the planet in the form of infrared radiation.
This has resulted in the self-heating of the gaseou_ envelope and surface of
Ven_s, which has evidently prevented the appearance cf life.

Scientists assume that in contrast to Jupiter and Saturn, where the prima_
atmosphere is retained consisting of gases liberated directly by _he Sun, on
Venus (as on the other terrestrial planets) the atmosphere is of secon2ary
origin as _he result of the degassiag of material upon the planet's being
heated up.
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Another thermal exchange mechanism - the deep circulationmodel - is based
on the assumption that sunlight cannot reach the surface but is completely
blocked by the atmosphere and clouds. In this case the heating up of the low-
-lying atmosphere could occur due to the adiabatic compression of the gas upon
its sinking into the atmosphere's lower layers. The fact that the altitude
dis:ribution of temperature is similar to an adiabatic d_ztribution right down
to i,e surf_-_ ;asdiscovered from the results of measurements made by the
Venera spacecraft. However, this fact fits well into the ideas of the green-
hous_ ztlodel.Therefore, in order to make a choice between the two models, it is
necessary to know how the weakening of sunlight occurs below the cloud layers
visible from Earth. It is. of course, £mpcssible to exclude the possibility

' that the planet's internal heat plays a definite role in Venus' thermal system.

It is necessary in this and in the other model to assume an important role
for circulation on Venus, which equslizes the temperatures between the daytime
and nighttime sides and between the equator and the poles.

The creation of spacecraft and scientific and engineering equipment,
which have fulfilled under extremely difficult conditions their assigned tasks
was clear evidence of the correctness of the design solutions and is a new
important achievement of space technology. This will help later on to design
with even more assurance the subsequent generation of Venus spacecraft. How-
ever, irregardlessof the fact that the values of some atmospheric parameters II0___5
were measured with an accuracy of I_ and we can assess with sufficient assur-
ance the physical conditions on Venus, all the same, the explained cause for the
sharp difference between the conditions on Venus and those on the Earth remains.
What kind of p_'ocessesled to the formation of such an extensive carbon dioxide
atmosphere? _'e basic mechanism leading to a lack of water on Venus is not
clear. What explains the very high temperatures and pressures on Venus' surface?
What are the structure, composition of Venus' clouds, and their dynamics in its
atmosphere? Why does the upper atmosphere rotate approximately 60 times more
rapidly than the p1:tnetitself? What is the mineralogical composition of the

-- rocks composing Ver.us,and what occurs on its surface?

These and of;herquestions continue to disturb people. In order to solve
these problems of a fundamental scientific nature, it is necessary to conduct
a combination of investigations,both with the help of space technology and with
the help of ground-based observations.

A project to investigate Venus' atmosphere with the help of aerostats
floating in it, which has not once been mentioned in the press, seems very
interesting. They would be able to reveal many interesting phenomena and
processes occurring in Venus' atmosphere, namely: refine the chemical composi-
tion and physical conditions in the cloud 1_yer; obtain information about the
winds at the aerostats' drift altitude; measure the time variations of the
atmosphere's parameters; and clarify whether or not there are living organisms
in the cloud cover of Venus, and so forth.

The creation of artificial satellites of Venus is a very attractive idea.
And, although they w£11 be less effective than, let us say, satellites of Mars,
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due to the impossibilityof using television cameras for obtaining an image of
the surface relief, nevertheless it will be possible with the help of a radar
system, th_ so-called synthesizedaperture, to obtain an image of Venus' surface.

There is no doubt of the necessity of creating such devices, which, having
descended to Venus' surface, would deliver to it special mobi)e devices of the
Lunokhod type. 7hesc devices, moving about on Venus' surface, would help
people obtain reliable answers to the questions which interest us today.

But until the time at which these experimentsbecome an actual reality,
it is necessary all the same to recognize what the surface of Venus is like. !' In connection with this scientists from a number of countries have suggested

t photographing Venus' cloud layer from an aerostat which a spacecraft should
eject. After completion of the surveys during the aerostat's flight above the
clouds, a capsule with a television device should be uncoupleJ and, descending
onto the planet, carry out a survey of its surface. The aerostat and the space-
craft - sate)life of Venus would serve as the relay stations for transmission of

, images to Earth.
i

It is undoubtedly necessary to investigate directly on the planet's surface
the soil of Venus, since returning it to Earth represents a very complicated
problem: too great an atmospheric thickness which it would be necessary to 1104
overcome during a take-off from the surface, and the pressure of I00 atmospheres
requires the creation of motors with rather exotic parameters.

What Awaits Man on Venus?

"...What awaits man on Venus has already been written about in a good
hundred novels -and all differently. It is not up to me to make the one hundred
and first guess," wrote the first cosmonaut of the Earth Yuriy Alekseyevich
Garagin. I only believe that man will with persistence and desire find how to
change the weather conditions of Venus so that it becomes possible to make this
puzzling planet inhabitable.''11

It is very likely that the greenhouse effect made Venus too inhospitable.
But is it possible to make Venus inhabitable? Yes, answer the scientists, it is
possible if we eliminate the main cause of the greenhouse effect. In order to

-do this, it is necessary to cleanse it of the excess of carbon dioxide gas and
water vapor. Having eliminated them, the atmosphere will cease to be a trap of
solar heat. When this thermal effect decreases, the temperature will drop, the
water vapor will condense into water, and this will decrease the greenhouse
effect a11 the more, and then conditions may be created on Venus which are
favorable to the development of the animal and vegetable world. But how can
this be done?

The Co,iet scientist D. Martynov and the American astronomer C. Sagan have
suggested independently of one another carrying out a very bold space experiment.
They assumed that it is possible to change the climate of Venus. In fact there
is everythin_ necessary for photosynthesis in its atmosphere: carbon dioxide

t_

11yearbook of the _PNp "In the Year 2017".
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gas, solar radiation, and water vapor. Therefnre in the upper, relatively
cool, layers o£ its atmosphere, which they assume are saturated with water vapor,
terrestrial single-celled algae and other microorganisms might have developed
similar to the way in which they develop near the surface of the terrestrial
ocean. In the process of their vital activity, they would liberate, intensively
reprocessing the carbon dioxide gas, free oxygen. Layers o£ solid organic
compounds and carbonates would begin to precipitate to the bottom o£ the
atmosphere onto Venus' surface. Once it had started, this process would be
propagated in avalanche fashion. Each percent o£ oxygen annihilated would lower
the temperature several degrees. The thickness and "greenhouse" properties o£
Venus' atmosphere would finally be diminished to the point that the greenhouse
effect would no longer be able to play a significant role. Liquid water would
appear, and the tsmperature would drop to such an extent that specially developed
forms of microorga1:ismsand bacteria, and then plants, would now be able to
multiply on the surface itself. They will help complete the matter - converting
Venus' atmosphere into a new state, the first polar regions, and then the entire
surface of the planet would cool off to the point that man will be able to live
there.

But prior to accomplishing this truly daring experiment it is necessary, II05
assert the authors o£ this attractive hypothesis, to establish whether or not
there is any life on Venus. In fact it is not excluded that within the upper
layers of Venus' atmosphere there exist unusual "atmospheric plankton" - flying
and soaring microorganisms. As a result of a biological invasion they may
perish or enter into single combat. Therefore if even the simplest micro-
orga_.ismsare encountered there, then it is necessary, prior to embarking on such
a grand experiment, to study them. Today we must assume that the conditions on
Venus are unsuitable for people.

Days on Venus

Few o£ the puzzles about Venus'have excited such arguments among astrono-
mers as the question of its axial rotation. The scientists were divided even
as to whether or not it rotates counter-clockwiseor clockwise, and the duration
of a single revolution was according to different estimates from 24 hours to
225 terrestrial days, i.e., an entire Cytherean yearl Alot of interest in this

" ":questionhas been aroused by the fact that the periodof rotation and the value
of the inclination angle o£ its equator to its orbital plane determine the
duration o£ day and night on Venus and the change o£ the seasons. Why was it
so difficult to determine Venus' rotation? The answer lies in the fact that the

dense cloud covering did not permit noticing anything on its surface, a spot or
some kind of point, from which it would have been possible to determine the
nature and period of the planet's rotation. Attempts to determine this from the
motion of features on its disk, both in the visual and in the ultraviolet radia-
tion, and also fror the displacement cf spectral lines gave contradictory and
unconvincing results. Only radar measurements_ begun in 1961, permitted at first
approximately, and then more accurately, determining not only its period of

- rotation but also the direction and speed of the rotation.
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Great credit in this matter belongs to a group of So,,iet radio physicists
headed by Academician V. A. Kotel'nikov. Their results introduced complete
clarity into this very confused question, which has a long history.

It turned out that in contrast to the Earth, Venus rotates about its axis I
very, very slowly. Its intrinsic rotation period is 245.0 ± 0.1 terrestrial t
days. !

I

The duration of a day, i.e., the succession of day and night, on Vu_us is
equal to 117 terrestrial days, and the Cytherean day (from sunrise to sunset)
lasts almost 2 terrestrial months. It is curious that if a year lasts 225 days
on Venus, then there are 56 days in each of the 4 times of year, which means
that each season on this planet lasts approximately one-half a Cytherean day.

During the Cytherean year (i.e., during one revolution of Venus around the
Sun) our Sun rises and sets twice on the planet.

In contrast to the Earth, Venus rotates in the reverse direction, i.e., /10___6
clockwise if one is looking down from the planet's north pole. Due to this it
appears that cosmonauts located on its surface would observe the rising Sun in
the west and the setting Sun in the east. They would be able to observe at
almost all latitudes twice a year something akin to "polar night" and "polar
day" with a duration of _bout two of our terrestrial months. Such an unusual
rotation for the planet gives rise to one more completely unexpected character-
istic: upon its nearest approach to the Earth, when the Sun, Venus, and the
Earth are "formed up" in a straight-line and the distance between the Earth and
Venus standing opposite it is a minimum, Venus has one and the same hemisphere
turned towards the Earth. Such synchronous direct glances, "eye to eye", are
repeated every one and one-half years. It is as if the Earth leads Venus on a
string. Why does Venus rotate in the reverse direction? Some cosmogonical
theories suggest that this occurs due to the pIRnpt's "youthful age". The
observed evolution of Venus' orbit will establish in several hundred thousand

years a "cosmic" harmony, and it will begin to rotate in the same way as its
remaining older neighbors. The young age of Venus incidentally is very attrac-
tive to scientists. In fact the possibility is not excluded that it is repeating
in its development the path followed by the Earth?l

An Optical Miracle

If a person in some way were to end up on Venus and ]ook around, he would
see that the horizon in the usual sense of the word does not exist; it would
seem to him that he located at the bottom of a_gigantic bowl into which are
projected (of course, in a greatly distorted form) even the very distant
regions of the planet. The horizor would appear to him to.be raised up in all
directions.

Such unusual optical conditions occur in the lower layer of the atmosphere
due to the high light-refractingability of the strongly compressed carbon
dioxide gas, which even at normal pressure possesses a rather large llght-
-refracting ability. It passes through a multitude o£ layers of carbon dioxide
gas of different density prior to reaching Venus' surface. This means that the

tas
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refraction will be multiple, and a ray will in fact follow not a straight-line
t but a curve. The deflection will be turned with the convexity upward (with

respect to a straight-line joining the Sun and the observer). Therefore the
horizon will be displaced and will move upward. The level surface will seem

i like a funnel or pit on the bottom ot which the observer is located. This
phenomenon, the so-called "superrefraction',is maintained up to a certain
limiting altitude of about 12 km. Above this the light rays now encircle the
entire planet. Therefore, located at this altitude and looking forward, this
hypothetical person would in principle be able to inspect the back of his own
head. Clouds and the dense atmosphere greatly weaken the sunlight; therefore
the illuminvcion of the planetVs surface is not very great. It most probably /10__7
corresponds _o our twilights on a cloudy day.

It is interesting to note that as the observerts elevation increases, his
range of visibility decreases, which would appear to him to be a straightening
of the planet's concave surface. All this would be just the same if Venus'
atmosphere were transparent. However, an observer would not See the Sun in
the daytime or the star-filled sky at night due to the fact that Venus is
covered by dense continuous clouds. The illuminationmeasurements in the
planet's atmosphere and at its surface carried out by the Venera-8 spacecraft
indicate that sunlight, although it is greatly weakened by the atmosphere and
the clouds, penetrates right down to the planet's surface.

Times of Year and the Climate on Venus

As the radar observations indicate, Venus' axis of rotation appeared to be
close to perpendicular to the ecliptic plane (87°!). Therefore seasonal
variations like those on Earth are practically absent on Venus. There is no
winter, summer, fall and spring on Venus. Since its axis of rotation is almost
perpendicular to the plane of its orbit, climatic belts occur on Venus, but in
each of them it is always the same time of year. The "£mate gradually becomes
more severe, but not in time ]_utin space --from the equator to the poles.

Accurate spectroscopic investigations of Venus' cloud cover, and also
observations of the motion of certain dark spots in its cloud cover, have indi-
cated a period of rotation of about 4-5 terrestrial days. What is going on? The
planet rotates very slowly as a solid body, but the cloud cover (the upper part
of its atmosphere) rotates 50-60 times more rapidly. If this is so, then winds
of hurricane speed (up to 100 m/sec) prevail at the cloud level in the atmosphere
of Venus.

Measurements by the Venera-8 spacecraft showed that the horizontal component
of the wind velocity varies greatly with altitude: at altitudes higher than
45 km it exceeded 50 m/sec, but below 10-12 km it decreased to 2 m/sec.

Now astronomers propose a model of the entire atmosphere of Venus. And
this is already a significant step in our knowledge of the physical processes
in its atmosphere. However, irregardless of the fact that Venus has recently
been subjected to a real scientific storm, nevertheless it does not pay to be

_ seduced, as many puzzles yet remain, and new questions have arisen, i
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In the course of investigating Venus, scientists have encountered a curious
fact: the temperature on the daytime and nighttime sides of Venus are practi-
cally equal. This is very strange. In fact the days on Venus are very lengthy.

J During the day the planet's surface should be heated up very greatly, and during
the night, it should cool off, even in spite of the dense atmosphere. Academi-
cian V. G.'Fesenkov has explained this strange fact as due to the fact that on
Venus the winds probably blow constantly in a latitudinal direction, smoothing
out the temperature differences.

• However, the complex atmospheric structure of Venus has still not been /108
investigated up until now. Let us assume that it consists of a lower atmosphere,_
a cloud layer, and an ionosphere in which powerful convective motions occur.

Let us assume that in contrast to Jupiter and Saturn, where the primary
atmosphere of gases liberated directly by the Sun has been preserved, the
atmosphere on Venus (as on the other terrestrial planets) is of secondary origin
as the result of the degassing of material upon the planetts being heated up.
At the present time scientists assume that its heating up is associated with the
absorption in Venus' atmosphere of solar radiation.

Concerning water, an analysis of the data obtained shows that the water
vapor content is small in the lower layers of the atmosphere, at least a thousand
times less than on Earth. Evidently water condenses in Venus t cloud layer,
although the question of the composition of these clouds and also their vertical
thickness still remains unsolved. Scientists have come to a curious conclusion:
although the weather on Venus is always cloudy and overcast, rainfalls evidently
never occur there. The solar radiation does not always penetrate through the
dark-gray veil of dense clouds and does not play with a heavy light spot on the
surface of this planet, which is stzll inhospitable to human life. Venus is a
completely, special amazing world full of mysteries and unexpected
characteristics.
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CHAPTER5 ....

INTERPL_ETARYTRAJECTORIES /109

Characteristics of !nterplanetar_ Flights

The significant difference between flight in outer space and in the
atmosphere lies in the characteristics of the use of energy (fuel). In order
that an airplane be able to move, its power plant must operate continuously.
If it is turned off, the airplane starts to descend, and then land. Flight in
space is completed quite differently. There the resistance of a medium is
absent, and the spaceship, having reached a specified velocity, will keep
moving by inertia outside the spheres of activity of th_ planets.

A second important difference lies in the fact that the expenditure of
energy depends on the direction of take-off from the Earth and the motion in
interplanetary space. In the case of an airplane's flight, it is absolutely

. immaterial whether it flies north or south, east or west - the energy expendi-
ture (fuel) is the same. In spaceflight, on the contrary, the amount of

, energy expended depends on the direction of flight. Thus, in the case of the
launch of a spacecraft in the direction of motion of the Earth the energy
expenditure is approximately three times less than when it is launched in the
direction opposite to the Earth's motion around the Sun. And since all the
planets are moving in the same direction, spaceships flying to the planets
should move around the Sun in this same direction. Therefore we observe in
space one-way motion.

When traveling over the Earth, and we desire, for example, to stop a moving
automobile, it is very simple -- we turn off its motor. Under the influence of
friction from the Earth and air resistance, it stops. There is no friction in
space, and it is necessary to reduce the spaceship's speed to the speed of the
target planet. It is absolutely innaterial which of these speeds is greater. /11___00
In both cases it is necessary to expend energy, namely: if the planet is moving
more rapidly than the spacecraft, then it is necessary to catch up with it, but
if it is moving more slowly, then on the contrary it is necessary to decelerate.
Therefore a double energy expenditure _.s required in fact in interplanetary
flight: to put the spacecraft into motion and to decelerate it or speed it up

" upon its approach to the target planet.

Interplanetary space is _lmost an absolute vacuum, which is very favorable
to interplanetary journeys. Actually, would spacecraft really be able to attain
the velocities necessary for flight to other celestial bodies in a dense
medium? Even if they moved at low speed, their time of flight, for exa_le, to

; the nearest planets would be excessively great, and the fuel expenditure would
be truly incredible. Thus in the case of a spacecraft*s motion in a dense
medium with motors functioning and a constant speed of one kilometer per second,
it would be necessary to consume up to to two million tons of fuel per one

. - kilogram of mass just in order to send it out o£ the Earth's sphere of influence.
But even if oxygen were in space and its density was sufficient to provide the

[ motors with free oxidizer, all the same an enormous amount of _uel would be
required, which it would be necessary to carry onboard the spacecraft due to

t
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the long duration of the flight and the necessity for th,_ continuous operation
of the motor_. Thus on the one hand interplanetary fligtt is a medium
"hostile" to man, requiring special means for his protection from the vacuum,
meteoric objects, and cosmic radiation, but on the other hand, it is a
very favorable medium for achieving tl,e necessary velocities with spacecraft to
carry out interplanetary flights.

The interplanetary trajectories extend in outer space for hundreds of
million_ and billions of kilometers. This places special requirements on the

_ size and direction of the initial velocity _ransmitted to the spacecraft upon
its launch and entry into its interplanetary trajectory. As calculations show,
even in the case of a flight to the nearest planets, an error in the initial
velocity of only one meter per second in all or a deviation in the velocity
vector from the required direction by one minute of arc results in a miss of
the target of tens and even hundreds of thousands of kilometers. In fact after
the auxiliary power plant 5purring the spacecraft onto its necessary velocity
ceases operation, it flies in outer space, subject to the laws of celestial
mechanics, i.e., obeying only the laws of gravitation of celestial bodies. In
contrast to terrestrial means of locomotion, a spacecraft does not move either
rectilinearly or uniformly. The large distance to the planets and their rela-
tively smaU sizes hinder greatly a spacecraft's reaching the target planet with-
out a correction of its flight path. Therefore so that the spacecraft can
enter the desired region of the target planet's location, a correction maneuver
is necessary. For this the spacecraft should in advance of the calculated

time be oriented, with the help of devices, to celestial objects, assuming
the desired position in order that the impulse of the onboard correction motor /11___11

• is communicated in the necessary direction. The size of the necessary additional
velocity comnmicated to the spacecraft is provided by a specified duration of
the motor's operation. But in order to complete such a maneuver, it is
necessary to measure the trajectory parameters of the spacecraft's motion with
the help of ground-based radar means. These data are combined _ith the
calculated data, and on the basis of these figures, a prediction is made o£ the
spacecraft's motion and a correction of its flight path is made.

_, - For a journey on Earth with any kind of t_ansport, we select the shortest
route as near as possible to a straiv' t-line joining the departure point to the
arrival point. Such a route is und, ordinary conditions the most favorable
from the point of view of time expe. ded and energy required.

In the case of interplanetary £1ights, on the contrary, the shortest route
requires the largest energy expenditure. Therefore'the trajectories most favor-
able from'the point of view of energy expenditure are those which fly in the
direction of orbltal motion of the planets. Thus, for ex_ple, the length of
the interplanetary trajectory in the case of a flight from Earth to Venus _or a
minimum fuel expenditure amounts to about 400 mi111on kilometers, but the.
shortest distance between these planets is $9 million kilometers. But for a
flight along a straight-line it is necessary to expend three times more fuel

_ than in the case of motion along an elllptlcal trajectory in the direction of
the orbital motion of the planets.
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An interplanetary transfer flight so to speak represents shooting a moving
target (the destination planet) from a moving platform (the Earth). Such a
shooting is carried out at a certain established point located on the orbit of
the destination planet at which it should arrive at the instant of the arrival
there of the spacecraft. Therefore one of the characteristic features of inter-
planetary flight consists of the fact that it is impossible to choose arbitrarily
the launch date from the Earth. When traveling _n the Earth neither a train nor
an airplane takes the risk of, having arrived at the goal, not stopping there at
the station or the airport. This does not happen even if the airplanes and
trains were moving late or at an unforeseen speed. The matter of interplanetary
flights is quite different, because the planets are continually moving around
the Sun at enormous speeds (the Earth moves at an average speed of 29.8 kilometers
per second, and Mars and Venus, 24.1 and 3S kilometers per second, respectively).
Due to the different speed of the planets t motion and their distances from the
Sun, their mutual position in space continually changes. In order to arrange
the encounter of a spacecraft with a destination planet, the time of its launch
should be selected in such a way that the mutual arrangement of the Earth at
launch and the planet at the "encounter" with it of the spacecraft are completely
specified. This condition determines a number of ranges of launch and encounter
dates favorable from the point of view of the dynamics of the interplanetary
spacecraft. If, based on this, one draws a graph of the fligh¢ dates'from Earth

to Mars or Venus along the most favorable trajectories requiring a minimum fuel /112
expenditure, then a startling result is obtained: these dates will not be
distributed uniformly over the months of the year or several years, but they

+ will be grouped into rigorously specified time intervals conventionally called
i the navigation season. Thus in the case of a flight to Mars such a navigation
I season covers approximately 100 days, and for a flight to Venus, about 60 daysF

i The most favorable mutual arrangement of the planets for transfer flights
periodically repeat. In the case of a flight to Mars - every 2 years aria 50
days, and for a flight to Venus, approximately every 19 months, while for
a flight to Mercury -- every 116 days, to Jupiter - every 400 days, and for a
transfer flight to the more distant planets, the periodicity is somewhat longer
than one year.

Conditions for the Selection of an Inter_lanetar_ Trajectory

The class of interplanetary trajectories is very extensive. It includes
trajectories passing near the destination planet which can be concluded with the
placement of the spacecraft into an orbit as an artificial satellite o£ the
planet - the goal being a landing on its surface or with a subsequent take-off
from it with the purpose of returning to Earth. The flights can be completed
both automatically by unmanned spacecraft and by spaceships controlled by

crew. They can be operated both in a momentum mode, upon the supply to the
spacecraft of the necessary velocity with the subsequent switching-off of the
auxiliary motors and with a continuous or variable thrust force. I£ to this we
add the interplanetary trajectories including the performance o£maneuvers
in the gravitational spheres of activity of intermediate planets, then the
enormous variety of interplanetary trajectories becomes completely evident.
They are distinguished from each other according to the mode and duration of the
transfer flight, the necessary energy expenditures, the nature of the spacecraft
making the flight (unmanned or manne_ spacecraft), and on the basis oF other
characteristics.
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: Since only the principle aspect of the problem of conditions in selectlng
an interplanetary trajectory is important to us, we wili adopt certain assump-
tions in order to simplify matters, namely: we will assume that the orbits of
all the planets are circles located in the same plane and that the orbital speed
of the planets is uniform. Actually neither the first, the second, nor the
third assumption is true. In actuality all the planets move along e11iptica112
orbits, and because of this their speed is non-uniform. Their orbits are also
net coplanar (they do not lie in _he same plane), and they are inclined (true,
not by very much) to the ecliptic plane and with respect _o each other.

The interplanetary trajectory of a spacecraft can have the form of an /11____3
e11ipse, parabola, or hyperbola. The most economical in the sense of energy
expenditures (fuel) is a semi-elliptical trajectory tangent to the orbits of the
Earth and the destination planet. Besides semi-ellipses tangent to both orbits,
the trajectories of interplanetary spacecraft can be segments of ellipses,
parabolas, and hyperbolas tangent only to one of the orbits or intersecting both
orbits at some angle.

Since the planets move in their own orbits at different speeds, it is neces-
sary, in calculating the duration of a spacecraft's possible transfer flight along
a specific trajectory, to take into account their r_tual arrangement. If we
select a flight along _ semi-ellipse, assuming that the orbits of the planets
are ci.rcular, we wi11 find for the difference in their heliocentric longitudes

ZI and Z2 at take-off:

±(l 1 - Z2_ = 180° - n (t 1 - to), 13

where Z1 is the longitude of the outer and Z2 is the longitude of the inner
planet, n is the mean daily motion of the planet to which the transfer flight is

directed and t o and t I are the epochs of take-ofl and landing of the spacecraft.

The '_plus" sign corresp-nds to a flight from an !nne____rplanet to an outer one.

The conditions expressed by this equation are fulfilled for a specific
trajectory only once every synodic period of the planet. Therefore the durations
of transfer flight from the Earth to another planet and back are rigorously fixed
by the fulfillment of thls condition. Even taking into account the posslbility
of varying the initial speeds and trajectories of the f;ight, rather extensive
"dead seasons" will occur when no kind of spacecraft will be able to be launched
from Earth to the given planet or back. For this reason the length of stay on

12yes_ and this is true since the attraction of other celestial objects affects
the motion of the planets; therefore their orbits of motion are not exactly
elliptical.
13In case of the necessity of _aktng into account the ecctntricity of the orbits,
the differences between the true anomalies o£ the destinatiml planet at the

t I and t o ishould appear in the right-hand side o_ the equation in place of

n(t I - t0)i.

_ I01

1975005698-I07



f
another planet (in the case of a landing) depends in the final analysis on t_,_
speed which the spacecraft will be able to acquire on its take-off from the
planet. It is desirable to shorten the time of an interplanetary transfer
flight to a minimum. This is especially important for spacecraft with a crew of
researchers, since as the flight duration increases, the radiation and meteoric
hazard increases. In addition, the more rapidly the interplanetary trv.nsfer
flight is completed, the fewer Supplie'_ are needed for the crew's life
support.

The placement of a spacecraft into interplanetary trajectories should be
accomplished with the minimum possible energy expenditure for catching up,
maneuvers, and correction of the trajectory.

Upon a spacecraft's landing on another planet, it is extremely important
that it have a minimum speed as it approaches the planet. In this case the
size of the braking impulse, and consequently, the fuel expenditure will be a
minimum. The extent of the atmosphere's (if such exists) effect due to heating
up the spacecraft because of the aerodynamic resistance of the planet's gaseous
envelope will be a minimum. And this will permit decreasing the weight of its
construction and thermal protectiov. The overloads will be less, which is very
important in carrying flights with manned spaceships. The time of a transfer /11__4
flight from one planet to another should provide for carrying out problems in
the shortest periods with maximum reliability. In the case of the flight of a
spacecraft near a planet, conditions providing for a landing on the planet, the
photography of i_s surface, or carrying out scientific experiments should be gul.
filled. - :

As is well-known, a minimum launch velocity is required to reach any planet
in the case of a flight along a semi-elliptical trajectory. However, even with
one and the sane configuration of the planets the distances between them are
constantly changing due to the more or less significant displacement of their

_ orbits. In connection with this, the minimum speed, for example, in the case of
1 a flight to Mars varies within the limits of 11.44 to 11.75 ka/sec as a function

of the ta_e-off period.

-- In selecting an interplaneta,-y trajectory, it is lapossible not to take into
_ account the flight's duration. This is necessary in order to provide trouble-

-free operation of the equipment (the reliability requizesent), and in a aanned

: flight, stores of water, oxygen, and rations.

One should also take into account the fact that the spacecraft's actual
trajectory eay deviate from that calculated in connection with errors arising
upon the spacecraft's insertion into the interplanetary trajectory. Therefore
during the flight the possibility is provided of naking a correction, i_e.,

: adjusting the deviations of the actual trajectory from the calculated one.

_ _ In selecting an interplanetary trajectory, it Is necessary to take into
account the distribution in interplanetary space of meteor stream. During an
extended space journey the Sun'_ state also plays a role. Therefore inter-

_i planetary flights by aanned spaceships -,,st necessarily be accolpllshed outside
neteor streams and preferably du,'ing periods of the "quiet Sun". We note that
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the next period of maximum solar activity will occur in 1977-1979 and the
minimum solar activity in 1984-1986. The flight trajectory should maintain
specific conditions for observation during the spacecraftts flight and for

' performing orientation of the spacecraft in space in the course of a correction,
during the comunication sessions, and during the scientific experiment.

Even a simple enumeration of these basic requirements shows how complex
is the choice of an interplanetary trajectory and its computation. It is
completely understandable that it is impossible to satisfy simultaneously a11

: these and many other requirements. Therefore it is necessary to compromise,
depending on what requirements in each specific case are the most important.
The problem consists of selecting a favorable and optimum trajectory which must
satisfy the basic r_quirements and be well-matched with the others.

It is possible arbitrarily to divide an interplanetary trajectory into 5
sections: the initial, the interplanetary, and the termlnal. The first
so-called active section the spacecraft, overcoming terrestrial gravity, is
accelerated under the influence of the motors' thrust force to the speed
necessary for a fllght to another celestial body. Depending on the
acceleration conditions (whether motors of large thrust for launch from Earth
or small - from a near-Earth orb;t) the spacecraft's flight along this section /115
may last from several minutes to several tens or hundreds of hours. After
obtaining the required velocity the motors are turned off, and the second
portion of the flight begins for the spacecraft: the spacecraft is literal1,
placed into a "drift". This is the principal portion of the entire flight
in extent and duration. During this time the spacecraft moves under the
influence of the powerful attraction of the Sun. After its entry into the . .-
where the attraction of the celestial body becomes greater than that of the o_,
the first stage will begin for the spacecraft. It lasts again during the
operation of the motors _hich carry out the deceleration of the spacecraft to
a speed which provides for its placement into a near-planetary orbit or overtaking
the planet-goal. Timewise the flight along this section (also depending on the
deceleration or accelerations conditions) may take from several minutes to
several tens or hundreds of hours. Thus during the entire time of the space-
craft's flight, which may last months and years, the motor assembly operates
only along restricted (in duration) sections of the flight.

Let us discuss in somewhat more detail the flight of a "spaceczaft in
- each of these sections with regard to flights to Mars and Venus.

Flight of a Spacecraft Along the Initial Section of the Tra_ector 7

In order to leave the Earth's sphere of influence and head for another
planet, for exwple, Mars, the spacecraft should have a velocity exceeding the
escape velocity. Why? The answer is that if it is accelerated to the escape
velocity, which is equal to 11,18S a/sec at the Earth's surface, and then turns

: off the motors, its speed will continually be d.'mlnlshed as the spacecraft
• recedes iron the Earth. Thus, hsvlng receded I0,000 ks from the Earth, it will

have a speed of 6,983 a/see, and at a distance of I00,000 be - 2,740 s/sec, i_en
_. the spacecraft reaches the boundary of the Earth's s_here of i_sY/ty, thou its

entire reserve of kinetic energy will be exhausted and its i_ight vel@city will
lO:S
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become equal to zero. Therefore, acquiring the escape velocity along the
acceleration section, the spacecraft will be able to overcome the terrestrial
attraction, and it will not "fall" back onto the Earth, but it will not fly
further. It will move around the Sun together with the Earth.

What is the minimum velocity that it is necessary to impart to a spacecraft
in order that it be directed to Mars o Venus? If one assumes that Mars is
located at an average distance from the Sun, then, as calculatior, s show, it is
sufficient to impart to the spacecraft a velocity equal to 52.7 km/sec, and
it will reach the destination planet (Figure 25). This velocity, as is
not diffLcult to prove, is 2.9 km/sec lar_er in all than the velocity of the
Earth's motion, namely: 52.7 - 29.8 = 2.9 km/sec. The spacecraft should possess
this excess velocity upon emergence from the Earth's sphere of activity. The

required minimal initial velocity Vreq is

¢' .... ' V;Vreq parabolic + Vexcess = 1"22 + 2.92 = 11.5 kw/sec.

It is desirable that at the instant of the spacecraft's launch, the Earth _e /11__6"
situated at the parahelion of its orbit, where the velocity of our planet is
I km/sec greater than at aphelion.

Since Venus is an inner planet, the spacecraftts emergence from the Earth's
sphere of gravity should take place in a directlov opposite to the motion of
the Earth (Figure 26). Only under this condition will the spacecraft, leaving t
the Earth's sphere of a_:tivity, reach the sphere of solar attraction and
begin moving under its influence along an elliptlcal trajectory, approaching

, the orbit of Venus. But this, of course, does not indicate that _ spacecraft
sent to Venus wili a._.ways move in the reverse direction relative to the Sun.
Its launch in the opposite direction is necessary to decrease the spacecraft°s
orbital velocity i_ comparison with the Earth's orbltal velocity. The minim
necessary velocity in this case should be 27.2 km/sec, that is, less than the
Earthts orbital velocity by 2.6 km/sec (29.8 - 27.2 m 2.6 km/sec). The initial
velocity which it is necessary to impart to a spacecraft is

Yinitia I = * 2.62 - 11.4 km/sec.

- It is desirable that, at the instant of the spacecraft's launch, the Earth be
situated at the aphelion of its orbit, where its velocity is a mini_.

Flight of a Sl)acecra/:t Along the Interplanetar_ Section /11___7

: The velocity of ,t spacecraft flying outside the sphere of activity of the
planet does not remain constant. As its distance from _he Sun increases, the
velocity decreases, and as its d.'.stance from the Sun decreases, its velocity
increases. 1_us for a flight to I_LrS, the spacecraft's orbital velocity decreases
from 32.7 ka/sec to 21.5 ka/sec (Figure 27), but olinthe cm.trary, £or a flight

i to Venus, it increases from 27.2 to 37.7 km/sec. (Figure 28).
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Figure 25. Schematic Diagram of the Initial Section
of the Flight of a Spacecraft in the Earth's Sphere
of Activity During a Flight to )Cars.

m

Figure 26. Schematic Diagram of the Initial Section
of a Spacecraft's Flight in the Earth's Sphere of
Activity for a Flight to Venus.

The velocity necessary for the flight of a spacecraf_ from the orbit of one
planet to the orbit of another can be calculated from the equation

Vorb = Vcirc

where Vcirc is the circular velocity at a distance R from the Sun, and kI and R2
are th_ radii of the etliptical trajectory at perihelion and aphelion.
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Figure 27. Schematic Diagram of the Figure 28. Schematic Diagram of the
Interplanetaryand Terminal Sections Interplanetaryand Terminal Sections
of a Spacecraft's Flight to Mars along of the Flight of a Spacecraft to
an Energetically Optimum Trajectory: Venus along an EnergeticallyOptim_1
A, Position of the Earth in its Orbit Trajectory: A, Position of the Earth
at the Instant of the Spacecraft's in its Orbit at the Instant of the
La_tch; B, Position of Mars in its Spacecraft's Launch; B, Position of
Orbit at the Instant of the Space- Venus in its Orbit at the Instant

i craft's Launch from Earth; A', Position of the Spacecraft's Launch from the
of the Earth in its Orbit at the Earth; A', Position of the Earth in

: Instant of the Spacecraft's Approach its Orbit at the Instant of the
to Mars; and B', Position of Mars Spacecraft's Approach to Venus; and
in its Orbit at the Instant of the B', Position of Venus in its Orbit
Spacecraft's Approach to it. at the Instant of the Spacecraft's

Approach to It.

Using Kepler's laws, it is easy to find the spacecraft's time of flight
along a semiellipticaltrajectory, knowing that the semimajor axis of this
orbit is equal to one-half the sum of the semimajor axis of the Earth (one
astronomical unit) and the semimajor axis of the destinatio_ planet's orbit.
flayingdenoted its value in astronomical units by _, we derive the following
equation for calculating the duration of a flight along a semi-elliptical
trajectory:

T = 182.6 (days).

Thus we find the time of a flight to Venus to be 146 3 ys and to Mars --259
days. If one takes into account the fact that the orbit of M.Lrs(in contrast
to the orbit of Venus) is an ellipse with a significant eccentricity, then

depending on the position of Mars in its orbit, the flight time to it along a /118
semi-ellipticaltrajectory can vary from 257 to 281 days. In this case it is
necessary to understand by a one-half the diameter of the orbit at the

_" rendevous point of Mars and the spacecraft.

\
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Flight Along the Terminal Section of the Trajectory

Entering the destination planet's sphere of gravity, the spacecraft will
begin to approach it with ever-increasing velocity. It is important to remark
that if the spacecraft enters the planet's sphere of gravity with zero velocity_
it will increase its own velocity to the escape velocity (for the given planet).
But since the spacecraft's entry velocity into the destination planet's sphere
of activity is always greater than zero, the velocity of its motion on its
approach flight to the planet will be greater than the escape velocity.

It is shown above that in the ease of the flight of a spacecraft along an !

energetically optimum trajectory it and the target planet move along different iorbits and with different velocities. But since the heliocentric velocity of /119 j
the spacecraft's approach flight to Mars is equal to 21.5 km/sec (see Figure
27) and the orbital velocity of Mars around the Sun is 24.1 km/sec, then in the
encounter Mars is moving more rapidly than the spacecraft by 24.1 - 21.5 = 2.6
km/sec. And this is because it approaches the Martian orbit along the tangent j
at the aphelion of its own trajectory. Therefore in order that a rendevous be
accomplished, the spacecraft must so approach the Martian orbit that it appears
in front of Mars. Having a greater velocity, Mars will catch up with the
spacecraft, and it will seem to the cosmonauts, if they are onboard, that they
are flying toward the planet.

In the case of an approach flight to Venus (Figure 28), the spacecraft's
velocity will be 37.7 km/sec, since it will approach along the tangent at the
perihelion of its own trajectory, and since Venus has an orbitb" velocity of
35.0 km/sec, the spacecraft will catch up with it, approaching at a speed of
V = 37.7 - 35 = 2.7 km/sec.

app

For a spacecraft's rendevous with this or the other planet it will execute
the following maneuvers:

- flyby over a specifie_ region of the planet, which has already been carried
out by Soviet and American spacecraft in flybys past Mars and V_nus;

' - placement into the orbit of an artificial satellite of the target planet
(which has also been carried out by the Soviet spacecraft Mars-2 and Mars-5 and
the American spacecraft Mariner-9);

- entry into the planet's atmosphere with subsequent aerodynamic acceleration
(if the planet has a gaseous envelope) and a landing en it. The Mars-2 and
Mars-5 spacecraft accomplish this maneuver for the first time; and

- flight around the planet with a landing on it or with a subsequent return
to the Earth.

Interplanetary Trips to Mars

We already know what the minimum velocity is for a flight of a spacecraft
away from the Earth so that it can fly to Mars along a seml-elliptlcal
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trajectory (Figure 29, trajectory 1) and what the duration of its flight is.
If during the flight away from the Earth, the spacecraft receives a continually
greater velocity, the time for the transfer flight will continually be
shortened. In the case of an initial velocity of 11.8 km/sec (trajectory
2) the spacecraft reaches Mars in 155 days. If we add 0.2 km/sec more, the
flight's duration is decreased by 21 days (trajectory 3). In the case of a
velocity of 15 km/sec, the flight lasts 105 days (trajectory 4), and if the
spacecraft moves with an initial velocity of 16.7 km/sec, i.e., with the third
cosmic velocity (along a parabolic trajectory), it will reach the planet in 70
days. This is one of the most remarkable characteristics of interplanetary
navigation: as the initial r_locity increases in all by a factor of 1.4, the
duration of a flight decreases by a _ct_r of 5.7 in the given case. Why?
Figure 29 gives a clear representation of this. This occurs due to a significant
shift along the Martian orbit of the point of encounter of the spacecraft with
Mars. A still greater increase in the velocity of its flight away from the
Earth will lead to hyperbolic trajectories. However, such trajectories, although /121

, they shorten the duration of the transfer flight, are uneconomical, since they
do not compensate for the additional fuel expenditures necessary for the space-

, craft to catch up in its flight with the destination planet and for deceleration
of the spacecraft upon entering a near-planetary orbit. It is not difficult to
see from Figure 2_ that the time of launch is determined by the difference
in the angular velocity of the Earth and Mars in their revolution around the
Sun. Knowing the central angle (relative to the Sun) described by the spacecraft
during the flight (angular distance of the flight), and taking into account

i the fact that Mars lags behind the Earth by 0.46 ° per day, one can determine the
f angles corresponding to the initial configuration. The angular distance between

the directions to the planet and to the Earth (if one is looking from the
, direction o_ the Sun) at the instant of launch should be equal to the product

of the flight time of the spacecraft by the difference in the angular velocities
:. of the planet and the Earth. Only in this case will the spacecraft and the

planet encounter each other in orbit at a specified point.

In the case of a flight along a semi-elliptical trajectory with a minimum
fuel expenditure, the spacecraft's launch from Earth should be made when Mars,
moving in its own orbit with a smaller angular velocity, appears 44 ° in front
o£ the Earth. Under this condition the spacecraft will catch up to the planet
Mars in 259 days. In order that it be able to catch Mars in 70 days, moving
along trajectory 5, it should be launched at that instant when Mars is 35 ° in
front of the Earth. Therefore for each flight trajectory there occurs a
definite initial position of Mars (points 5, 4, 5, 2, I) with respect to the
Sun-Earth line 13 of the initial configuration of the Earth and Mars. But since
any r&lative configuration of the Earth and the planet is repeated each synodic

: period, the time of a flight from Earth to Mars for a specified type o£ trajectory
is repeated every 780 days - 2 years, l month, 20 days; therefore the use of any

_ of the indicated trajectories is possible only during this per_.

13This line is assumed fixed in Figure 29 for s_plicity. Actually a launch
along trajectories I, 2, 3, 4, 5 is accomplished from different points of the
terrestrial orbit.
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Figur_ 29. Trajectories of a Flight to Hars which I12___00
s_o Tangent to the Earth's Orbit: I, II, III, IV
and V, Trajectories of the Spacecraft's Motion.

The m,bles _F the initial configurations for trajectories 1-5 differ by
only 9*, which correspond_ to a difference of 20 days. Therefore a flight to
Mars _.ring a synodic period along trajectories tangent to the Earth's orbit
witl an initial velocity in the range between the minimum and the third cosmic
v, :.ocity is possible only during the most favorable period having a duration
vf 20 days. Using astronomical yearbooks, it is easy to find this £avorable
period. For Maz_ this configurat:,_n occurs 96 days prior to each opposition.
As we see, the range of po.ssible da_es of the start of a flight is very small
in con_ir_son with the synodic period, even if the spacecraft's initial velocity
is eqv_! to the third cosmic velocity. Bul the semi-elliptical trajectory,
al_gugh _he most favorable in the sense of f(_el economy, is nevertheless in-

_ ¢_venient in certain other respects. In particular, it requires an increased
accuracy for the launch and results in the fact that at the instant of the -,

'r_ spacecraft's encounter with the target plane_ they are both too far'from the /12___2
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- Earth. That at the instant of the spacecraft's approach to Mars, its distance
- from the Earth to the approach point is equal to 259 million kilometers for

trajectory 1. Therefore the trajectories actually selected differ from the semi-
-elliptical trajectory in the direction of some shortening of the flight time
(to 220°250 days). Correspondingly, of course, the launch dates vary. As is

well-known, launches of s_acecraft co Mars have been carried out. In November
of 1962 (the Soviet £1_terplanetary spacecraft Mars-l), in November of 1964 (the
American spacecrafts Mariner-5 and Mariner-4), in March of 1969 (the automatic
spacecraft Mariner-6 and Mariner-7), and on May 19 and 28, 1971 (Mars-2 and
Mars-3). On July 21 and 25 and on August 5 and 9, 1975 the launches of the
Mars-4, -5, -6, and -7 spacecraft were carried out. In the near future favorable
periods of flights to Mars will be: August-Septemberof 1975, September-October
of 1977, and October-Novemberof 1979.

It follows from what has been said that the range of possible launch dates
is expanded by the use of flight orbits different from the semi-elliptical

, trajectories. For flights of a spacecraft to a planet without return to the
Earth, trajectorieswhich provide a rapid flight are the most attractive. This is
especially important in the case of flights to Mars and Venus, since the synodic
periods of revolution of these planets relative to the Earth are very long.

Flights to _rs with Return to the Earth

We haw_ discussed the flight of spacecraft to Mars without touching on the
i problems associated with their return. Automatic interplanetaryspacecraft
i which fly past the planet, similar to what has been accomplished by the Soviet
I Mars-1 spacecraft and the AmericanMariner spacecraft, can be directed at Mars

along these trajectories. These routes can be used for sending automatic space-
craft to Mars with the purpose of piercingthem into near-planetary orbit and
also for 18nding them on the planet's surface like the Mars-2 and Mars-5 auto-
matic spocecraft. However, in the case of flights both of automatic inter-
planetary spacecraft and manned spaceships to Mars with return to the Earth,
it is necessary to calculate trajectories for the return flight. In fact not
knowing the time which the entire flight will occupy, it is impossible to
calculate the spacecraft's launch weight.

Out oF the enormous range Of flight trajectories of a spacecraft bound
for Mars with its return to Earth, we will first discuss a flight along a semi-
-elliptical trajectory, which requires the minimum energy expenditure (Figure
SO). Having been launched from the Earth, the spacecraft will carry out a
landing on Mars in 259 days. During this time interval the Earth will shift
along its own orbit by a significant distance, having described an arc of 259°.
It is completely understandabletb_stif the spacecraft is immediately directed
back from Mars to the Earth, then in 259 days it, having arrived at the Earth's
orbit, will not encounter the Earth, since in this time it will still describe

.... an arc of 259 ° and will be located now at another point of its orbit. So

_i that, having returned to the Earth, the spacecraft can rendevous wi_h it, /12___3
:° it must spend 450 days on Mars or in a near-Martian orbit. Thus a round-trip

flight with a stay on Mars will take 968 days.
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96_ days days In order to clarify this,
:-- we will carry out elementary cal-

_ culations Since the mean distance

---_ from Mars to the Sun is equal toji- 1.524 A.U. the length of theRemm_ f •
96Sdays_, semi-major axis of the transition

I (1.524 + I) = 1.262 A.Uellipse _- .,

__ O_ / _ whereby the duration of a flight
/ _ from Earth to Mars is

• ' 1 3/2
/ / T = _-(1.262) = 0.71 year =

launch , = 259 days. (7)
0 days

_ The average orbital angular
, , . I motion of the Earth can be deter-

mined using the following re-
, Figure 30. Earth-Mars-EarthExpedition lationship:(Duration is 259 + 450 + 259 = 968

' Days). 360
= 0.9856 degrees per day36S.25

(deg/day),

but for Mars it is equal to 0.524 degs/day. Thus in 259 days Mars will have
shifted along its orbit by approximately 136°. Therefore in order that the
spacecraft be able to encounter Mars, the instant of its launch must lag Mars by

; - 180o - 136° = 44°. Since the Earth "catches up with" Mars at an angular
velocity of 0.986 - 0.524 = 0.462 degs/day, the spacecraft should be launched
44
0.46----2ffi96 days prior to the opposition of Earth and Mars, i.e., 95" behind,

with respect to the Earth's angular position, of the opposition point. During
the spacecraft's flight the Earth will shift by 256 ° and by the moment of the
encounter will lag Mars by 760 . Above we showed that, as regards the spacecraft's

- stay on Mars, it should remain on it 450 days in anticipation of a return'flight.
"_ Why? To illustrate the return path, let us alter the direction of motion to the

opposite way. This will indicate that now Mars should lag the Earth by 76*.
But such conditions wi',l occur again only in 450 days. Thus the total
duration of a flight from Earth to Mars and back amounts to 259 + 4SO + 259 ffi
ffi 968 days.

In Table 5 data are given for the flight of a spacecraft to Mars and back /124
for the period 1975-1980.

If the flight to Mars takes place along a parabolic trajectory, when the
: first branch corresponds to the outward flight at the third cosmic velocity and

the other branch represents the mirror image of this arc of the parabola traversed
:_ in the reverse direction, the time of stay on Mars can be shortened to 12 days
._, (Figure 31).

_ Ul
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TABLE 5. IDates of launch from Earth and duration Dates of departure from Mars and
of flight to Mars along a semi-ellipti- duration of flight to Earth
cal trajectory.

Launch Flight Date of Launch Flight Date of
date duration, arrival date duration, arrival

days.... from Mars days at Earth

August 4, May 3, 1973 240 January I, 1974
1973 281 May 12, 1974 July 8,
September 1975 259 March I, 1976
10, 1975 281 June 17, 1976 August 9,

October 11, July 13, 1978 1977 252 May 7, 1978
1977 275 September

November 9, 7, 1979 267 January 4 1980
1979 262 July 28, 1980 i

I
Some information is given in Table 6 about orbits in the case Of

the flight of a spacecraft along the route Earth-Mars-Earthfollowing a semi-
- -ellipse tangent to both orbits (this version was discussed above) and

along a segment of a parabola tangent to the orbit of the Earth and tangent
to the orbit of Mars.

i TABLE 6.
t

I Shape of the tra_ector7
Semi-ellipse Segment of a_ Data about orbits

parabola

Initial velocity, km/sec ................ 11.59 16.66
_ Duration of the flight to Mars, days..... 259 70 2

Time of stay in orbit as a satellite
of Mars or on its surface, days ........ 450 12

_- Velocity of takeoff from surface of
Mars, km/sec............................ 5.69 20.7
Duration of flight to Earth, days........ 259 70
Velocity of atmospheric re-entry,
km/sec.................................. 11.2 20.7

Total duration of flight, daTs ........... 968 152

__ - Analyzing this table, it is not difficult to see that the parabolic
i trajectory permits not only shortening by almost a factor of 4 the length of
i_ the flight in comparison with the flight along the semi-ellipse but de- /125

creasing (by a factor of 351) the time of stay on Mars. However, this is
_; achieved at the expense of a significant increase in the takeoff velocity from

Earth and from Mars and also in the landing speed on Earth which it is necessary
to cancel out by deceleration, auneuver which requires a large fuel supply.
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.. i_f_i_;om Mars ".o arrival at

' i pr' of t I

//_ __ depart ure_

days 7 l_rom E--_-¢'-_

e

arrival at EILcth, /
152 -'- _+

z

, _,O0_ ' - t 0 days

_o_ os
_._

<" " ' :'_ '_t_4_'_,_;_,_,_7_'_, ,' ,_4;_'./_'_'":i,':_',':_._.:'_7_.'_,_-;+IL_.7,D_'_....

, Figure 31. Flight Trajectory of an Interplanetary Spaceship
; _ Along Segments of a Parabola Tangent to the Orbit of the

Earth and Intersecting the Orbit of Mars.

Since a flight to Mars along the optimum _ (from the point of view of energy /126
expenditures) trajectory requires a lengthy stay of the spacecraft in the
neighborhood of Mars or on its surface, but the flight along parabolic tra-
jectories, although it shortens greatly this time, nevertheless results in a

4 significant increase in the takeoff and landing velocities at the planets, the
task naturally confronted the investigators seeking other methods which
permit shortening the duration o£ an interplanetary journey with acceptable
ener:ty expenditures.

_. It was found that the holdover period on Mars (i.e., the spacecraft*s time
_,, of stay on it or near it) can be decreased by means of altering the profile
i, of the flight orbits in the £ollo_ing way: the flight from Earth to Mars is
_" carried out over a short trajectory, and conversely the spacecraft returns along
_

11_
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a long path or vice versa. Some computation of data of such flights are given
in Figure 52 and Table 7.

18o° 2000 180°

140° 22d 140°

120° 24d _ AprL117. 120° .
240_i Venus |anuary 31. 1976

'00 ° 26(_ 100°

30° 280 _o'

300" iO"
t

I 32C : . : .;' 40° 32() ,,
' ,. -. _ Spaceship 40

340° 0 20° 34"-_" 0 20°

Figure 32. Projection of the Trajectories Onto the
; Ecliptic Plane: a, Short-Long Trajectory (Launch on
f _ December 20, 1975); b, Long-Short Trajectory (Launch
i on April 17, 1976).

: TABLE7. A COMPARISONOF THE TRAJECTORIESt PARAMETERS.

T)_e of Tra) ectory Short-Long Lon_-Short

Date of launch from Earth September 20, 1975 April 17, 1976
Velocity increment upon launch

from artificial Earth satellite
orbit, m/sec 4,620 4,280

Ir,clination of the asymptote of
the outward flight's hyperbolic
trajectory, degrees 33.31 50.24

Flight time from Earth to Nars,
days lS3.29 582.21

Return ti_, days 558.64 98.73
Stay time in Mars ' sphere of
activity, hours 57.74 29.92

Altitm/e o£ pericenter of the
flight trajectory, km 196.48 208.66-

Location of the pericenter
relative to Nars in the northern in the southern

_-; Inclination to the plane of hemisphere hemisphere
_ Nars ° equator, degrees 144.21 15.10 °
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!

Type Ofof,Tra_ector_,,, J Short-Long Long-ShortConditions illumination at 1pericenter Night Day
Return velocity to Earth, I

m/sec I 14,600 15,640Date of landing on the Earth July 23, 1977 February 28, 1,978

As we see, although the duration of the interplanetary trip is shortened
under these conditions (insignificantly, it is true, with respect to a flight
along the optimum synunetric trajectories), nevertheless the spacecraft's
approach velocity to the Earth remains very large as before.

This is especially noticeable for many "unfavorable years" when the eccen- /12_7
tricity of Mars' orbit results in excessively large terminal velocities of the
spacecraft's approach to the Earth corresponding to from 15 to 25 km/sec,
depending on the flight's year. The following question confronted scientists in
a completely natural way: how to decrease it? At first it was suggested
either to achieve this by deceleration using rocket motors upon the spacecraft's
approach to Earth or to enter into the atmosphere's dense layers at a high
speed and diminish by means of aerodynamic breaking the flight's velocity.
However, the first method requires such an increase in the spacecraft's initial
weight that its flight practically becomes impracticable, and the other method
subjects the crew to excessive overloads and requires the creation of a descent

' craft designed for such a high velocity. Subsequent investigations have
shown that it is by far more economical from the point Of view of energy

- expenditure if, during a flight from Mars to Earth, one applies a maneuver with
deceleration near perihelion, the so-called perihelion deceleration maneuver,
along the spacecraft's flight trajectory (Figure 55). Calculations show that,
because of the perihelion deceleration maneuver, the velocity of the spacecraft's

: entry into the Earth's atmosphere is decreased its return from Mars from
the value indicated in Figure 54 by the white columns to the values indicated
by the shaded columns. As is evident, the velocity after the maneuver is
significantly less than the velocity attained by means of applying the
deceleration maneuver upon approach to the Earth for the same decrease in entry

• velocity. It is possible to achieve a significant reduction in the spacecraft's
'" -- initial weight if, prior to the start of the perihelion deceleration maneuver,

it is freed of the entire mass of the useful load already unnecessary for the /12___8
remaining 60-90 days of the flight to the Earth. Along with this another still
more economical met_od of deceleration has been suggested. It consisted of
the use by the spacecraft returning from Mars to the Earth of the gravitational
field of the planet Venus. This method permits decreasing the approach velocity
to the Earth to 12-13 km/sec at the expense o£ a slall fuel expe_iiture or
without any expenditure. Thus the use of Venus* gravitational field permits
accomplishing flights to Hars during the unfavorable periods.

For comparison the characteristics of a rapid direct Earth-Mars-Earth
flight with placement into orbit as a Martian satellite and the characteristics
of an Earth-Mars-Venus-Earth flight with placeaent into the same orbit of Mars

_, (the duration of the stay in Mars' orbit is 30 days) with the spacecraft's
_;_ -launch during one of the unfavorable periods., are given in Table S.

i_ I15
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l:_elerat/o,at_ " VeloUr/,la_/me !_'-.,.
. [_ Tr_...r_.,j,_...maaeuver)

...... _.,_,,.-- .................. Figure 54. Decrease in the Entry
Figure 33. Maneuver with Deceleration Velocity into the Earth's Atmosphere

at Perihelion of the Spacecraft's VE in the Case of an Optimal E11ipti-
Motion Trajectory and its Effect on
the Approach Velocity to the Earth. cal Trajectory in a Maneuver with

Deceleration at Perihelion. A compari-
son of the velocity changes produced

by deceleration at perihelicn (AVpD)

and upon approach to the Earth (AVE).

TABLE8. / X2_.__9

Characteristics of the Flight Direct Flight with
Flight Fligh_ Around

" Venus

Duration Og the flight, days 450 550
Velocity impulse of acceleration

_" away from the Ea1_h, km/sec 4.61 4.05
._ Velocity impulse of deceleration

• t Mars., km/sec 3.51 2.26
Velocity impulse og acceleration

at Mars, km/sec 4.13 2.9
Velocity impulse at Venus, km/sec -- 0.08
Total energy expenditures,
ku/sec 12.05 9.27

Altitude of flyby above Venus,
km -- 6,000

Ent-,7 velocity into Earth's
_'_ atn_sphere, kn/sec IS. 5 13.4
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The new method of interplanetary navigation discussed by us indicates that,
if a favorable navigational season for flights between A and B does not exist_
then it may occur between A and C and then C and 8. But its advantages consist
not only of this. Interplanetary flights to Mars with a flyby near Venus /15___O0
become advantageous even during favorable navigational periods. Turn your
attention to Table 9. The basic characteristics of an Earth-Mars-Earth flight
with placement into orbit as a Martian satellite and an Earth-_ars-Venus-Earth
with placement into the same orbit during a more favorable navigational period
are given in this table.

TABLE 9.

Direct Flight with Plac_ent
Earth-Mars- into Orbit as Martian

Flight -Earth Satellite and Flyby
Flight Past Venus

Takeoff from Earth March 20, 1984 January 2, 1982
Departure velocity from Earth's

gravitational field, km/sec 4.3 3.81
Flight time in outer space,
days 220 (Earth-Mars) 200 (Earth-Mars)

Entry maneuver into Mars t
gravitatioual field, km/sec 3.05 4.27

Arrival at Mars October 27, 1984 July 21, 1982
Stay time in orbit as
Martian satellite, days 529 69

Takeoff from Mars April 9, 1986 September 28, 1982
Nan_lver for leaving the

gravitational field of
)tars, kmlsec 2.74 4.27

Flight time at return to 149 (Mars-Venus)
Earth, days 176 (Mars-Earth) 161 (Venus-Mars)

Arrival at Earth October 2, 1986 August 4, 1983
: Entry velocity into the Maneuver of place- 11.9

Earth*s atmosphere, ment into artificial
km/sec Earth satellite

, orbit, 3.26 km/sec
Total flight time, days 925 579
Total flight velocity

_ithout taking into
account special maneuvers
at the target planet,

: ka/sec 7.35 12.35

Note: All the velocity impulses, with the exception of tho:e which are
required to accomplish the maneuver associated with the interruption of

_- heliocentric flight, must be sultipliad by a factor of 1.04 to take
_ _ losses into account.

117i,
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Analyzing the data cited in the table, one can conclude that a flight to
Mars with a flyby past Venus possesses a significant advantage over the direct
flight. This method of interplanetary navigation extends by far our possibilities
in the pace of investigating outer space and celestial bodies _,ith acceptable
energy expenditures.

The most favorable periods for flight to Mars will be 1975 and 1975. After
1975 Mars will pull away from the Earth by a significant distance, and the
Sun's activity will increase at this time. Therefore not only more powerful
booster rockets will be required for a flight_ but also massive protective shields
will be necessary for manned spaceships. An extremely realistic period for
flight to Mars by an expedition of investigators is 1975. _ in this year
such a flight does not occur, then it is necessary t_ wai'_ for a more favorable
period, which will begin in 1982. During the period from October of 1981
through June of 1988 there will be ten "windows" for a flight to Mars, each
with a duration of about a month. In 1990 the number of "windows" during the
opposition period decreases significantly, but in return flights during con-
junction periods will become possible.

Some distinctive features of flights during a period of opposition, a period
of conjunction, and with the use of a gravitational field are indicated in Table
10 cited below.

TABLEI0.

,J ,:, m o ....... _.,m q..m m '

TypeFlightOf _ _, =o_ - ""

•._ _._ k _

o

During a period of
opposition 4, S7 5.05 20. I I0 4S0

During a period of
conjunct 1on 4.27 2.59 11.9 480 920

_ith the use of
Venus' s attrac-
tive force 4.27 5.05 13.4 I0 490

We have also written that at the end of 1971 Nar.s was visited by three
,_ artificial satellites of the Earth: two Soviet end one American. The descent /151

_ stage of the _bLrs-3 automatic spacecraft first accomplished a soft landing on
the Martian surface and transmitted radio signals from there.i _
118
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_s information about the parameters of Mar's atmosphere accumulates and the
complete picture of the Martian_relief is clarified, it will be necessary to
deliver to the planet an automatic station with a lengthy lifetime. An
exceedingly attractive idea is the placement on Mars of self-propelled devices
which, similar to the Lunokhods, will be able to investigate in detail the

j orange planet. However, very complicated problems associated with the motion
of a Marsokhod arise. The main difficulty is control from the Earth - the long
time interval between the sending of a radio signal from Earth to its reception
onboard the Marsokhod and the journey of a reply radio signal to the Earth --
from 70 to 40 mirutes, depending on the distance bet_en Mars and Earth. In
fact time to prc=_ss the information and accept solutions is necessary: to

' stop the device, to turn it in the desired direction, or to take an interesting
i sample onboard. Therefore the necessity arises of devising a system of automatic

navigation which would be able independently to select a path of motion acceptable
from the point of view both of avoiding obstacles and for carrying out scientificI

investigations.

i Interplanetary Trips to Venus

First let us consider two extreme cases of an interplanetary route -- the
shortest and the longest. It would seem at first glance that the most suitable
trip is the direct one connecting the nearest points of the orbits of Earth and
Venus. In fact in this case the flight duration is the shortest (Figure 55).
For this it is necessary as has been stated above, to launch the spacecraft in

, - a direction opposite to the Earth's motion. Then it, "having extinguished" the
heliocentric velocity (and it is large --29.8 km/sec), lags for an instant at

the boundary of the Earth's sphere of gravity and then begins moving along at
complex curve in the direction of Venus' orbit, gradually approaching it. In
order to stop its "falling" into the Sun along the shortest path, i.e., along a
straight line, it is necessary to impart to the spacecraft a velocity of not
less than 31.8 km/sec at the moment when it, having completely overcome the
Earth's attraction, begins to move now along a straight line in the direction of
the Sun. It is determined from the equation

Vtota 1 = Vll.2_ + 29.82 = 31.8 kin/see. (8)

- Leaving the Earth's sphere of gravity and having been acted on by the

-influence of the Sun's powerful attraction, the spacecraftp "falling" towards
the Sun along a straight line, will intersect Venus' orbit in 64 day_, having
flown 41,000,000 kilometers. It is possible to provide for the spacecraft's
encounter with the destination planet in the case of a specified choice of
launch time. However, at the present level of technology, it does not
appear possible to impart such a _arge velocity to a spacecraft having a con- /13___2
siderable weight. In addition to this, the method of flight which we have dis-
cussed has one more very signlficant insufficiency: a spacecraft, "falling"
towards the Sun, will continually increase, its velocity and, intersecting
Venus' orbit, receive a velocity of 26.1 km/sec. This velocity is dete_ined
from the equation:

V= ]/2(3_-- _9,_)=: _6,1 kin/see. (9)
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But since, at the inst_t of cnco_ter, the velocity vectors of the space-
craft and the planet are directed mutually perpendicularly,we obtain from the
parallelogr_ rule _ encounter velocity of 43.6 _/sec, which is determined
f_m the following e_ation:

ii
#

, Venco_ter =_342 + 262 = 43.6 _/sec. (10)

If we take into account the fact that Venus' attraction will also mke
a small addition, then the total velocity will be of the order of 44 _/sec.

- It is completely _derst_d_le that, in order to cancel this velocity, it would
be necessary to have on the spacecraft very power_l rocket motors _d a

- consider_le _el supply. Thus a flight to Venus along a straight-line tra-
t jecto_, regardless of its shortness in time _d its apparent si_licity, is

actually very uneconomical, and therefore it is _suitrble _r practical ]
, i_lementation. !

,, '. j. ',

, flight along a trajectory which I
. " is the _c of an ellipse i

i ._> _ tangent to the orbits of

____il _, ! Earth and Venus at points

: , opposite fr_ the Sun.

" ,, __ But a flight along such a

i _. "_"._ energetically, _s, of course,
i its own in_equacies. According

to Kepler's third law, the
Fibre 35. Flight to Venus along the semi-ma_or _es of the ellipti-

-_Shortest Path: a, "_enching" the cal orbits and the revolution
Earth's Heliocentric Velocity. S, Sun; periods of the Earth _d the
T, Earth; Vk_, heliocentric velocity of spacecraft aro_d the S_ are

the Earth. Vfin, velocity of the connected by the relationship:

rocket upon emerg_ce from the Earth's 2 a_
sphere of activity, b, Rocket's T_ ffi

falling into the S_ _d its en- T2 3 '
counter with Venus in the case of a Earth aEarth
flight along a straight line. S, S_;
T, Earth at the instant of the from which

r°cket's la_ch' WI' Venus at the (aa___th13/2
instant of the rocket's la_ch, W2, T_ = TEach . (U)
Venus at the instant of enco_ter with

the rocket _d R, rocket along a Substituting numerical /133
straight line trajectory to Venus. values into this equation, we --

obtain

N;.
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But since, on a trip to Venus, the spacecraft will £17 only one-half of an
ellipse, the duration of its flight amounts to approximately 146 days. For
such a flight is it necessary to give spacecraft a specified flight plan in
which it, having overcome th. • Earth's attraction and moving along the proper
orbit under the influence of the Sun's attraction, could encounter the destination
planet. However, due to the difference in the revolut_.on periods of the planets
around the Sun the mutual position of the Farth and Venus is continually
changing. Therefore a flight to Venus with minimum speed is possible only at
r._gorously specified periods of the mutual arrangement of the planets. Such
pe_-iods are repeated once every one year seven months and ten days, i.e., every
584 da)-s. Small deviations of up to 2 :reeks in either direction from the most
suitable (optimmu) time are permissible, since the duration of the suitable
period is about a month.

#

Upo1: the spacecraft is put into a t_ajectory, it ._hould have not only
the specified velocity at the boundary of the Eaxth's sphere of influence but

- a carefully calculated velocity vector direction. And since the tangential
orbit is very sensitive to all deviations from the calculated initial conditions,

(

a negligible error in the velocity upon entry into orbit on the order of
, 1 m/see result_ in the spacecraft's deviating from the "target" point near

Venus by almost 70,000 km. Therefore in practice a version of the trajectory
- is usually select._d which lies between the two extreme cases under

discussion. The t:ajectories along which the flights o£ the automatic inter-
planetary stations (AIS) to Venus are presently traversing correspond to them.
A flight along such a trajectory lasts 3-4 months, and the distance between the
Earth and Venus varies within the limits of 70-80 million kilometers. However,

a_ has already been sta_ed above, it is necessary in carrying out such flights
to maintain scrupulously the launch date. In connection with this, the
selected optimum trajectol'y cannot be realized at any instant of time at all.

t

_ the calculations shc_, the flights must be made with the condition that
the Earth "lead" Venus in angular motion abou_ the Sun by $4" at the instant
of launch. Since the time of such a mutual arrangement is well known, it is

. possible to formulate _n exact d,_scription of the spacecraft's launch to
" Venus, taking into account the fact that such a mutual configuration is

" repeated, as has _Iready been statt_ above, every 584 days. The favorable
seasons in the upcomlng years are: October-Hovesber of 1975, Nay-June of
1975, January of 1977, August of 1978, and March-April of 1980. Each season
lasts approximately 2 weeks, i.e., shol_er than the "lamach,windows" to Hars,
since Venus catches up more rapidly with the Eartik in its angular motion around

_ the Sun than the Earth catche_ up"with Marl. The most favorable (due to the
: nearness to the line of nodes) _re the June and Deceaber seasons (the latter

occuT in the couLing decade). In Table 1_ below data are given for a flight 1_
i £roa the Earth to Venus and back again along a se_-elliptical trajectory.

: Earth-Venus- Inte lanetar Tra_ ectory

_. It was shown above that_ in th_ case of minimum fuel expmditure, the dttration
_, of a flight from Earth to Venus and back again is 758 days. This period !is stip- -:

._.... ulated by the following considerations: the flight £r_ the Earth to venus takes

}_:_ 121
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longer than 46 days, and a lifetime is e_pended for the return trip. In order to
return to the Earth along a similar semi-elliptical trajectory, it is necessary
to spend 466 days on or near Venus. But is it possible to shorten the duration
of an expedition to Venus? Undoubtedly it is possible, but in order to do this
it is necessary, as has already been stated above, to increase the departure
velocity of the interplanetary ship from the Earth. It is true that as the
launch velocity increases up to 12.8 km/sec, the time of stay on Venus not only
is not decreased but, quite contrary, is increased and reaches 584 days. But
if one continues to increase the launch velocity, a remarkable result is obtained:

--the time of stay is shortened to a minimum. There is even such a path
frog Earth to Venus for which the spacecragtts return is possible immediately
after its descent onto the planet. As a calculation has shown, such an /13___5
accelerated interplanetary flight is possible if the spaceship makes a landing
on Venus at the same time as the planet and the Earth are situated in a single
straight line with the Stm (or near this position). Under these conditions a
flight from the Earth to Venus and back again would last less than 5 months, and
the duration of the entire expedition to Venus would be shortened by approxi-
mately a factor of 5.

TABLE II. DATE OF LAUNCH FROM EARTH, ARRIVAL AT VENUS,
AND DURATION OF THE FLIGHT

Launch date Duration of Arrival

flight, days date
• October 24, 1973 145 March 18, 1974

June 4, 1975 148 November 50, 1975
January I0, 1977 145 June 4, 1977
August 8, 1978 147 January 2, 1979s

March 23, 1980 146 _ 16:1980

DATES OF LAUNCH FROM VENUS, ARRIVAL AT THE EARTH,
AND DURATION OF THE FLIGHT

Launch date Duration o£ Arrival date

flight, days at Earth

• November 3, 1975 147 April 5, 1974
_, June 9, 1975 144 November 7, 1975

February 1, 1977 147 July 3, 1977
September 9, 1978 144 February 5, 1979
April 2, 1980 146 September 5,, 1980

;-: Flights to the Outer Planets

_r -- A distinguishing characteristic of flights to the outer planets is
= ' _ the fact that they would last not months, but years and decades. Thus ..... ' _ '/
_ --.in the case of minimum energy expenditures, a direct flight to Jupiter would ; ..

take about 5 years, to Saturn -- 6 years, Uranus - 16 years, Neptune - 30 years, ,

_: - and Pluto -- on the order o£ 45 years (Figure 36).
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• Figure 36. Elliptical Orbits of Interplanetary Spacecraft
; Flying to Jupiter and Saturn, and the Parabolic Orbit of

a Galactic Probe Flying Beyond the Limits of the SolarL

' System.

: Great are the difficulties which face the designers of the rocket-space
- complexes for the investigation of these planets. The high velocities recp_ired
, in acceleration sharply decrease the useful payload weight of the spacecraft.
: The great distance from the Sun makes solar sources of electrical energy ofk
,- * little help. The mysterious asteroid belt threatens accidents. The
_ , -extensive length of the flight places exceedingly Mgh requirements on the
,:. flexibility and reliability of the onboard systems. However, the potential

value of the scientific information obtained justifies all of the expenditures.
._: In fact the giant planets and their families of satellites are the most
_" _nteresting objects of the solar system. Investigations of them open _lightly

_:,. for us the curtain in front of the solar system's orig_n, sincethe satellite systems of Jupiter, Saturn, _d Ot_u$ :are Very similar to our
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planetary system and the discovery of the secret of their formation would
facilitate the solutien of such a fundamental problem o£ nature as the problem
of the origin of the solar system.

The positions of the giant planets during the period from 1970 to 2000 are
shown in Figures 37 and 58.

Orbit o£ Saturn - The synodic period of Jupiter's
revolution is 399 days. Therefore

---- " the season suitable for flight to
._ of Jupiter occurs each year with a delay

,; of one month. The most favorabie

" _ periods are those which occur at the
_ beginning of January anJ the beginning

., of June, when the Earth is situated
along the line of nodes of Jupiter's

,. orbit. The January periods are
especially attractive since at this

m time the Earth is near its peri-
helion, where its velocity, as has
already been stated, is greater by

•.._ ._ -="- 1 km/sec than at aphelion, which is
: _/ passed in June. Launches during the

_ ....... January seasons provide an angle of
Figure 37. Positions of Jupiter and flight close to 186 °, a miniaaun
Saturn in 1970-2000. The positions inclination o£ the flight plane to
refer to the start of the indicated the plane o£ the ecliptic, and, o£

: year (the first day _£ January). course, a minimum initial velocity.

The synodic perio_ of Saturn is somewhat longer than a year. The season
favorable for flight to Saturn occurs annually with a delay of 15 days. Con- /15____6
cerning Uranus, Neptune, and Pluto, the delay amounts to 5, 2 and 1 day,
respect ively.

The synodic period of Mercury is 116 days (less than 4 months). The /137
-- duration of a favorable phase, which occurs 5 times a year, is up.to c:_ week. --

The most favorable seasons are in the beginning o£ November and the beginning
of Hay. In the course of a year, one o£ the favorable periods would be one
of these.

- However, Mercury is still unattainable for the rocket system existing now
_ in the case of a direct flight from Earth. But the possibility of "jumping

over" to Mercury utilizing the gravitational field o£ Venus is attractive. If
! during a flight to Venus, the spacecraft is sufficiently close to an exactly

selected altitude at m exactly calculated instant of" time, Venus' gravitational
_ .field will turn it in_.o a flight trajectory bound for Mercury. Such a aanetwer

is feasible only in 1<.}75 and then it appears impossible right up until the
_, 1980s. Therefore American scientists are planning to launch in 1975 s

! '_4ercury" spacecraft to investigate the planet from a flyby trajectox=.f. The
_ _ implementation of such a flight is conceived in two stages. The s_.cecraft
_ first approaches Venus at a distance o£ 4,000-6,700 kilometers from it:_ surface,
i nd then it is directed to Mercury. In the case of a flyby past Venus, two
_, 124 .....
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goals are pursued: in the first place, to carry out a probe of Venus' atmosphere
and, in the second place, the spacecraft will obtain a velocity increment to
its motion under the influence of Venus e attraction and will be able to fly
around Mercury at a distance of approximately 5,000 km. It will photograph the
planet's surface, determine its thermal characteristics, and carry out in-
vestigations of its atmosphere, magnetic field, and radiation belt. Scientists
consider it advisable to install on this spacecraft a special detachable probe
which will be ejected onto the surface of the planet being investigated.

{_- Orbit of"

!

(
I

Orbit of Uranus

;:& \
January 1970

)

Orbit of Jupiter _000

1990

January 1970
i /

It _990

Figure 38. Positions of the Giant Planets in 1970=2000.
The positions refer to the beginning of the indicated

year (the first day of January).

In order to shortern not only the flight's duration but the energy
expenditure, the use o£ the gravitational fields ef such Planets as the giant
of the solar system- Jupiter and his younger brothers, Saturn, Uranus and
Neptune --holds great promise. Imagine that tlm spacecraft is
approaching Jupiter. The powerful gravitational field wlll accelerate the

: spacecraft to an enormous velocity. Rushing past this gigantic half-planet -
half-star, it will begin to recede from it with a gradually decreasing velocity

_ relative to Jupiter (Figure 39). If the spacecraft has a rocket motor, then even
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with a small fuel expenditure it is possible to accelerate it to hyperbolic /138
velocity. Such an acceleration will make it possible (with the proper

-arrangement of the planets) to aim for other more distant planets. Each
' of these massive planets will fulfill the role of being its accelerator when the

spacecraft flies past, and due to this, the flight will continue without
expenditures of onboard energy or with a minimum energy expenditure.

It has been established by investigations that such an
interplanetary tour becomes completely possible at the end of the 1970s.
Favorable periods for the launch of a spacecraft are 1977, 1978, 1979, and 1980.

During these years the mutual arrangement of the planets will be suitable /159
for a single interplanetary spacecraft to fly by several planets successively,
using their attraction for the so-called perturbation maneuver, which not only
directs the spacecraft to the next planet, requiring almost no fuel expenditure,
but shortens the flight's duration.

If such a favorable arrangement o£ the planets is not used, the next /140
such interplanetary journey simultaneously to several distant planets will have
to wait until the year 2154.

In comparison with the optimum direct flights to the distant planets a
flight utilizing Jupiter's gravitational field in place of a single or several
large energy expenditures will result in a significant decrease in the duration
o£ the journey (see Table 12).

TABLE 12.

Destination Enerbn/ expenditures, km/sec Fligh t duration, )rears
planet Optisum ' Accel- Flight Optimum Accel- Flight

- direct erated past direct erated past
flight direct Jupiter flight direct Jupiter

flight flight
Saturn 7.28 8.5 7.5 6.1 2.88 2.88
Uranus 7.98 9.9 - 9 16.0 5.04 5.04
Neptune 8.28 10.2 8.2 30.7 7.56 7.56
Pluto 8.36 13. S 9.0 45.7 8.93 8.93

It is evident from this table that, by comparison with accelerated direct
flight to distant planets, a flight '_ast Jupiter" will result, even in a case of
identical duration, in significant decrease in,energy expenditure. After the _ +
spacecraft flies by Jupiter, it is possible to return it to Earth, directed
towards the Sun, push it out of the ecliptic plane at an angle o£ 96", and
direct it beyond the liJnits of the Solar System.

_- In this respect a version o£ the flight becomes especially interesting
during which a turning of the trajectory should occur in-the gravitational

_i field of Jupiter, Saturn, and Uranus with the effect of providing a consecutive
.... flyby past the planets. A favorable arrangement of the planets will permit the
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- spacecraft, after launch from Earth, for example, on September 4, 1977, to
complete a flyby past Jupiter on January 29, 1979, and past Saturn on
September 3, 1980; it will sweep by not far from Uranus on February 1, 1984,
and it will approach Neptune on November 8, 1986 (see Figure 55 b), i.e., in
9.2 years after launch from a near-Earth cosmodrome. It is planned that the
spacecraft will fly past beneath the rings of Saturn. If a trajectory were to
be selected along which the spacecraft's motion would carry it above the rings
of Saturn, which is more dangerous, the fllght's duration would increase some-
what, ;and the spacecraft would complete Its flyby past Neptue 11.6 years after

' launch. The energy expenditures for the first version smount to 7.6 km/sec
and for the second- 6.8 km/sec.

Some computational data for such a flight are given in Table 13.

TABLE 13.

Above the Below the

rings rin_s

Launch date from Earth September 1, 1977 September 4, 1977
Launch velocity from Earth 14.6 km/sec 15.4 km/sec
Flight time to Jupiter 668 days 505 days

Distance to Jupiter (in Rj)
at the time of the flyby 8.5 3.5

Flight time from Jupiter
to Saturn 750 days 585 days

Distance from Saturn (in

\ RS) at the time of the
_ flyby 2.3 1.07

Flight time from Saturn to
Uranus 1,545 days 1,220 days

Distance to Uranus (in RU)

at the time of the flyby 4.1 1.6
Flight time ifrom Uranus to

Neptune 1,260 days 1,000 days
• Duration of entire flight 11.6 _ears .9.1 years

The duration of the flight in days to the remaining planets are given in
Table 14 for the first and second versions.

TABLE 14.

Flight duration from Earth _in days)

Destination Planet First version Second version

Jupiter 505 668
Saturn 1,090 1,418

_ Uranus 2,310 2,963

i, Neptune ....... S  I,0 ....... 4r22S

u7
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Figure 59. Flights to Dist_t Planets Using the Gravitational
Fields o£ the Giant Flanets: a) Schematic Diagram o£ the

" Gravitational Turning o£ the Trajectory upon a Spacecraft's

: Passage Near the Planet: I, Flight Trajectory from Planet 0
to Planet i; If, SpacecraftOs Flight Trajectory without Taking
into Account the Gravitational Tur-ing; III. Spacecraft's Flight

Trajectory after the Maneuver at Planet 1; Vpl, Velocity of Planet

l's Motion Along its Orbit around the Sun; VI, Spacecraft's Helio-
centric Velocity upon Approaching Planet l's Sphere of Influence;

V®1, Spacecraft's Velocity Relative to Planet 1; V®2, Spacecraft's
Velocity Relative to Planet 1 after Flight in this Planet's Sphere
o£ Influence; v, Angle of the Gravitational Turning of the Space-

craft's Relative Velocity Vector; V2, Spacecraft °s Heliocentric
Velocity after Passing through Planet I°s Sphere o£ Influence; b)
Schematic Diagram of the Flight of a Spacecraft Using the Gravita-
tional Haneuver: I, Actual Flight Trajectory of the Spacecraft;
II, Flight Trajectory without Taking into Account the Attraction

, of the Spacecraft by Jupiter; III_ Flight Trajectory without
Taking into Account the Attraction of the Spacecraft by Saturn;

_. IV, Flight Trajectory without Taking into Account the Attraction
_+ o£ the Spacecraft by Uranus; and V. Flight Trajectory without
_ Taking into Account the Attraction o£ the Spacecraft by Neptune.

The spheres o£ influence of the planets are denoted by small circles.
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It should be pointed out that the spacecraft's kinetic energy at any instant /14____1
after its flyby of Jupiter will exceed the energy necessary for it to escape from
the Solar System; therefore the spacecraft may become a galactic probe after its
flight around Neptune.

The optimum dates for the spacecraft's launch in the direction of the
planets Uranus and Neptune with a flight around Jupiter lie in the period
September-November 1978, but, for a flight to Pluto, the optimum launch dates are
June-August of 1976. In addition to the main version of a spacecraft's flight
past the indicated planets which has been discussed by us, other versions are
given in the references (see Table 15).

TABLE15.

Which planets should Favorable periods for the Next
the spacecraft fly spacecraft's launch in the favorableVersion
past? 1970s launch year

1976 1977 1978' 1979 1980
m,

I Jupiter, Saturn, X X X 2155
Uranus, Neptune (main
version)

2 Jupiter-Saturn X X X 1996
5 Jupiter-Uranus X X 1992
4 Juplter-Neptune X X 1992
5 Jupiter-Pluto X X 1989
6 Jupiter-Uranus-Neptune X X X 2155
7. Jupiter-Saturn-Pluto ° X. X .... 2076

On March 3, 1972 American scientists launched the Pioneer 10 spacecraft
in the direction of Jupiter. It will complete its flight past Jupiter in
December Of 1975; a second spacecraft, Pioneer I1, was launched in April of

. 1973.
5T

Pioneer I0 should fly 21 Ronths out to Jupiter and cover almost a billion
kilometers - such is the extent of the trajectory. The distance between the
orbits of the Earth and Jupiter is significantly less, but the spacecraft will
move along a curve tangent to the orbits of the Earth and Jupiter. Such a
trajectory is the most favorable with respect tc energy, since it requires the
least initial velocity. It is true that even this minimum velocity is 14
ka/sec, i.e., significantly greater than is required in the case of flights to /14___22
the Moon, Mars, and Venus. An indicative detail is that the Pioneer 10 space-
craft will cross the Moon's orbit 11 hours after launch, while both the auto-

_/ matic and manned lunar craft "reached" the Moon in 5-5 days.

- On its journey to Jupiter, Pioneer 10 will have to pass throush the
,= asteroid belt between the orbits of Mars and Jupiter. The width of this belt is

almost 500 million kilometers. The spacecraft will enter it July of 1972. Based

, on an estimate by American specialists, the probability of a fatal colllsiou in_-_ this belt does not exceed I0_. A "Sisyphus" _nstrmmnt (a set of four optical
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telescopes) to record asteroids, as well as a meteoric dust detector, are mounted i
onboard Pioneer 10,

Pioneer 10 began its scientific work with the Earth: soon after launch i
the instruments to investigate the outer radiation belt of out planet were I

turned on. i' /

But the spacecraft will carry out its main task in its flight past
Jupiter. Its trajectory has been corrected with the intent that it avoid the
exceedingly powerful radiation belt of Jupiter, which, if the spacecraft were to
enter, might damage its equipuent with ionizing radiation. It will fly by at
a distance of approximately 140,000 kilometers from the planet on December 2,
1973.

Thus the most important time of the spacecraft's operation will take
place at the end of November and the beginning of December of 1975. The
investigation of Jupiter, its satellites, and near-planetary space from the
flyby trajectory will continue for about 4 hours. The spacecraft will carry
such devices for these purposes as a umgnetometer, a plasma analyzer, charged
particle detectors, infrared and ultraviolet radiometers, the already mentioned
"Sisyphus" device, a meteoric dust detector, and a photopolarometer.
Ten photographs of Jupiter and approximately the same number of photographs of
its sate!lites will be taken with the help of this photopolarometer.

The scientists will be especially lucky if the,/ succeed in photographing /14___3
the so-called "Red Spot" in Jupiter's atmosphere. According to some suggestions,
this is an enornous (up to 50,000 km in length) lump of frozen solid hydrogen
"floating in the atmosphere".

-_ Very little is known about the nature of JupiLer. It is not even .
known whether or not Jupiter has a solid surface similar to that of the
Earth. There is a suggestion that the gas-like hydrogen of the Jovian
atmosphere changes "with depth" into a liquid and then into solid hydrogen under
the influence of its tremendous attraction.

_. Jupiter's attraction wi', increase Pioneer 10is velocity up to approximately
20 kn/sec. This velocity exceeds the third cosmic velocity (16.2 kn/sec)

.. necessar/ to overcome the Sun's attraction. As a result the spacecraft will
intersect Pluto's orbit 11-12 years after launch and will escape frou the Solar
System. Commnication with the spacecraft may, as the specialists assume, be
maintained as far as 2.4 billion kilometers frou the Earth. Pioneer I0 will

be at this distance (between the orbits of Saturn and Uranus) approxle_tely
6 years _fter launch.

"; The spacecraft's mass is 250 kilograms, and the mass of the scientific
• instruments is 27 kilograms. The spacecraft is stabilized in orbit by rotation.

Six motors with a thrust of O.S kilograms of force each, operating on the product
of the breakdown of hydrogen, will serve to iI:_ it_ orient its axis of ",

t _rotation, and correct its trajectory. In flight the spacecraft's uis of rotation
_- is in such a position that the narrow-bee antenna with a reflector 1.7 meters
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- in diameter is constantly oriented toward the Earth. Four radioisotope units with
a power of 40 watts each serve as the onboard electrlcal energy sources.

The Pioneer I0 spacecraft will evidently escape from the Solar Systa;
-therefore it is impossible to rule out completely the possibility that it nay ,_

- encounter rational extraplan'_tary beings ig they exist at all (true, the
probability of such an encounter is vanishi_gly small), in order to givu o."
idea t¢ these extraplanetarians about the location and time of launch o£ the
spacecraft, and also in general about terrestrial inhabitants, the spacecraft
will carry a message drawing having a symbolic rather than an actually practical
significance.

It is possible to obtain exceedingly inportant scientific information if
one places a spacecraft into orbit as an artificial satellite of Jupiter. It

is true that, in view of the significant energy expenditures required, only highly
" elongated orbits with a pericenter alt.itude on the order of 1 Jovian radius

and a revolution period of several days are realistic in the near future. A
decelerating impulse of more than 15 km/sec is required to launch an artificial
satellite of Jupiter into a low circular orbit.

.The probing of the giant planet's atnosphere by descent stages o£ the
Venus and Mars type is of great interest. It is true that the problem of entry
into the atmosphere, for example, in the case of 3upiter, is _xceedingly c'omplex.
The problem consists of the fact that the second cosmic ve_locity (escape
velocity) for iL is approximately 60 ka/sec. But since Jupiter rotates
very rapidly about its axis (the linear velocity at its equator is about 13

_ kn/sec), this circumstance will permit decreasing the atnospherlc velocity to /14.___4
, 47 kn/sec if the descent stage enters the atmosphere in the equatorial plane

at a small angle to the local horizontal and in regard to the planet's
- rotation. It is true that here, in addition to the energy problem, there

are many other difficulties; in particular, the problems associated with thermal
protection and the durability of she design, since a spacecraft entering the

• planet's atmosphere will experience colossal friction heating and enormous over-
loads.

Natural Orbital Stations

The use of the planet satellites as natural orbital stations is very
sdvlsable, esp_cially in studying the planets of the Jovian group, since most of

-- thm have fanilies of satellites (see Table 3, p. Z2). Some of them, by virtue
- of their sizes and ,mass, can serve people as pod natural orbital bases to

establish placesant on thm sclontific rmsearch slatloas. And this, in its
turn, will sake it possible to investiE_te .thoroughly the giant planets. Hot-
withstending the fact tha_ lling 8utouatic spacecraft on then is completely

- possible, settlement of these planets by san is cospletely excluded in the
foreseeable future.

¢

The group of so-called Galilean satellites (lo, Buropa, Gany_de i
- Callisto), discovered by Galileo in 1610, i prisu_ily, the most distant of '

,- them, the satellite CAllisto (see Table _), present exceptional possibilities for
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the study of the planet Jupiter. One must sssume that systematic observations
and investigations of Jupiter, including the probing of its atmosphere through

-its entire de?th, will be initiated from it. Io and Ge_ymede are
equal in size to Mercury and, due to this fact, they can also be reliable ba_es.
The largest satellite of Saturn, Titan, also offers good possibilities for a
comprehensive investigation of this planet. Its mass is twice as great than
that of the Moon, and it is surrounded by an atmosphere. The satellite Titania
of Uranus and Triton of Neptune can also serve weil these seine purposes. Along
with the investigation of the satellites of the planets, one should not exclude
such a very interesting possibility as the adaptation of the asteroids for a
journey of cosmonauts in "contaminated" regions of space and especially between
Mars and Jupiter. K_ft Ehricke suggests using the asteroids as the transporters
of spaceships and investigators. Since some of the asteroids uove along asymmetri-
cal orbits and periodically approach the Earth, it seems _.ossible _- use these
asteroids as natural mobile bases. In fact landing on an asteroid with a
1-2 kilometer radius presents no difficulties since the attraction on them
is negligibly small. A launch from an asteroid also requires an insignificant
energy expenditure.

!

, Which asteroid is most suitab__e to use for these purposes? Those of them /14____9
which approach nearest to the Earth are of the greatest interest. Thus, Eros
approaches the Earth once every few decades to within a distance of 25,000,000
kilometers, Anur to within 15,000,000 kilometers, Icarus to withln 6,000,000
kilometers (the last approach was on June 14, 1969, _nd the next will occur in
19 years), Apollo to within 5,000,000 kilometers, Geographus to within 2,000,000
kilometers, Adonis to within 1.5 million kilometers, and Hermes to within
0.6 million kilometers (its diameter is about 1 kilometer, _d the force of
gravity on it xs 10,000 times less than on the _Earth).

: Flights near the asteroid with the purpose of photographing them from close
distances will become easily achievable in the near future.

Interplanetary spaceships m_king flights within the confines of the Solar
System, both unmanned and manned, Will probably have onboard small landing
units which will execute a landing on the celestis_ body being i_westigated and
will remain there for return to the interplanetary spaceships. This is especially
important in investigating the giant planets, red hot Hercury, and _irey Venus.
They will permit probing the atmosphere of the planets and their satellites,
investigating the conditions prevailing on the surface of celestial bodies, and
solving other problems of a scientific nature.

Plights to the Sun

In the section "Interplanetary Trips to Venus", we pointed out that, in
order to reach our diurnal luminary in a flight along the shortest route (along
a straight line), a spacecraft should have initial velocity of 31.8 ks/see,
making the flight in a direction opposite to the orbital motion of the Earth.

- Then, leaving the Euth's sphere of influence, its heliocentric velocity (velocity
: relative to the Sun) will be equa_ to zero, and its fall .nto the Sun, which
,, will last 64 days, will begin (Figure 40).
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If the spacecraft leaves the Earth's
A sphere of influence in a direction

- _ opposite to the orbital motion of our

'_ planet with a velocity less _han 29.77

, / _ _[ km/sec, its heliocentric velocity will
_0_

, _ ! o i_ prove to be less than the E_rth's
o eu , ,e, orbital velocity, and the spacecraft

U "_ "_ will be directed within the orbit of
._ _ _ the Earth along an elliptical trajectory.
_j _ ,_ The aphelion of its trajectory will be

e . m at the Earth's orbit and the peribelion
,.41 , • -4 t)

I el _._ J| _i will be at some certa!n distance from

_]I ,_ _r ,,_ the Sun. Calculations show that in orderu _ to reach a perihelion distance of 0.2
•,",, e _ el A.U. it is necessary that the spacecraft

with a heliocentric velocity of 12.59

.__/ km/sec, which corresponds to an initial

• takeoff velocity (it is arbitrarily
- assumed that it is reached at the Earth's

surface) of 16.84 km/sec. Thus an
approach to the Sun to within a distance

Orbit of the Earth of less than 0.2 A.U. requires a
_/ significantly greater velocity than t,._'_

Figure 40. Characteristic Plight velocity of flights to the most distant
Trajectories of an Unmanned Space- planets of the Solar System.
craft in the Vicinity of the Sun.
When the velocity is completely The closest approach to the Sun is
negated at aphelion A the space- theoretically achieved when the probe's
craft will appear to be on a recti- orbit touches the edge of the Sun
linear falling trajectory into the opposite to the point in the Earth's
Sun. If the velocity at aphelion orbit at which our planet was located
A is not completely negated, the at the instant of the launch. The /14__6
spacecraft will move along an period of revolution along such an
eliptical trajectory of approach orbit will be 128 days. This means that
to the Sun. perihelion, which the probe crosses

at a velocity of 615 km/sec,
is reached in 64 days. The necessary launch velocity from the Earth (29.1
km/sec) is theoretically the minimum which guarantees reaching the Sun.

I

-- Are there no other trajectories which make it possible to reach the vicinity
of our Sun with smaller energy expenditures? It.turns out that there are. Let
us direct the spacecraft along an e11iptica1 trajectory tangent to the Earth's

-- orbit to the periphery of the Solar System. The veloclty necessary':for this
will not exceed the third cosmic velocity - 16.67 km_sec. If the aphelion of
the elliptical trajectory is sufficiently distant, the spacecraft's velocity
will be so small that the small fuel supply on the spacecraft will be sufficient
for the onboard motor to negate it completely. Then the spacecraft will begin
its fall into the Sun along a rectilinear trajectory. If the velocity is not
completely canceled, the spacecraft will fly towards the Sun along an elliptical
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trajectory. It has been calculated that, if the spacecraft's aphelion is located
at a distance of 20 A.U. from the Sun (beyol,d Uranus' orbit), the takeoff
velocity should be 15.8 km/sec, and the velocity at aphelion will be 2 km/sec.
In order to guarantee the spacecraft's falling into the Sun, it is necessary to
cancel out this velocity. Thus the energy expenditures are 17.8 km/sec, and
the flight wii1 last $5 years (17 years for the spacecraft to move out beyond
Uranus' orbit, and 16 years to fall into the Sun).

A flight to the Sun with a perturbing maneuver at Jupiter is of great
interest. The trajectory of a flight around Jupiter which would bring the space-
craft into the vicinity of the Sun for an initial takeoff velocity from the
Earth of 15.5 km/sec is shown in Figure 41. The spacecraft, flying past Jupiter

I at a distance of 5.5 Jovianradii from its center, will be repelled towards the

I Sun and will fly past it at a distance of 0.2 A.U.In order to reach the vicinity of the Sun, it is assumed that the gravita-
tional influence of Venus is used twice in a single flight. After the first
flyby of Venus' sphere of influence, the spacecraft will be put into an

- orbit whose perihelion is nearer to the Sun than the perihelion of
the flight trajectory to Venus. Moving along its new orbit, the spacecraft will /147
again be in Venus' sphere of influence, and emerging from it, it will fly still
nearer to the Sun.

5 ._A.U._ The values of the energy

_ expenditures and the flight
duration of a spacecraft moving

'_, 600_(°_ in the ecliptic plan e with an

_P400_ -approachtowithina
3 800 3 distance of 0.2 A.U..upon com-

_e_ pletion of a direct flight with

i a flyby of the spacecraft near

i - Venus and past Jupiter, are given
200 days t in Table 16. "

: ' Jupiter at the i Still more significant energy
: instant of launch ) expenditures are required for the

": Launch , from the Earth _ flight of a spacecraft along a
trajectory with an inclination to

Figu;: 41. Characteristic Flight Tra- the ecliptic plane of about 96°.
jectories of a Spacecraft in the However, it will become possible,
Vicinity of the Sun. The trajectory in the case of a flight past
consists of a flight around Jupiter Jupiter, to attain this goal,
which will bring the spacecraft into Comparative characteristics for a
the vicinity of the Sun for an initial flight utilizing Jupiter's
takeoff velocity from the Earth of gravitational field and a direct
15.5 km/sec. The spacecraft, flying flight are given in Table 17.
past Jupiter at a distance of 5.5

r_ Jovian radii from its center, will It follows from what has been /14____8
•, seem to be repelled towards the Sun and said that the use of the gravita-

will fly past it at a distance of 0.2 tional fitlds o£ the planets
A.U. Venus and Jupiter will make _ _
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possible a flight to the vicinity of our Sun with permissible energy
expenditures even in the near future.

TABLE16.

Flight Version Launch date Energy ex- Flight
penditures, duration, day:
km/sec ........

Direct flight any date 9.0 80
Flight past Venus June 12, 1975 6.9 110
Flight past Jupiter Hay 5,. 1974 6.85 1,346 _

TABLE 17.

Fl,i_ht Version

, Characteristics of Flight past Direct flight
the Flight Jupiter

Launch date Hay 20, 1979 any date
Total flight duration in days 1,039 172
Accelerated impulse from an

Earth satellite orbit,
km/sec 7,915 28.6

_- It has been reported in the press that launches of the Helios solar
!: probes are planned for July of 1974 and for October of 1975 with the help of the
• Atlas-Centaur-Serner-2 American rocket system. The probes are being constructed
_/ in West Germany. The mass of each is about 250 kilograms. Their distance

from the Sun at perihelion should be approximately 0.5 A.U. (even 0.2 A.U. with
_ the use of the Titan-3D-Centaur-Berner-2 booster rocket), and at aphelion - 1 /14__9

_. -- A.U. It is assumed that the probe_s instruments will transmit results of ten
_ different experiments associated with the investigation of the interplanetary

_, gas, the solar wind, magnetic field, micrometeorites, electromagnetic missions
in various spectral regions, and cosmic rays.

_ A plot of the dependence of the initial takeoff velocity from Earth on
_ distance from the Sun is given in Figure 42.C
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Figure 42. A Plot of the Dependence of the Initial Takeoff
Velocities from Earth on the Distance from the Sun. The
scale of the section up to 1 A.U. along the abscissa is 20
times larger than the scale of the rest of the abscissa.
Along with the data referring to the orbits of artificial
planets which lie inside the Earth's orbit (their aphelia

- at a distance of I A.U. from the Sun), data are given for

the orbits of the outer artificial planets (perihelia at
t a distance of 1 A.U. from the Sun). Each new step in the
, advance of the perihelia of the inner orbits towards the
•_. Sun requires a larger increase in the initial

velocity. In the case of flights to the edges of the
:. - Solar System, the alpholia are shifted colossal distances

to negligible increases in the initial velocit 7. This
is clearly evident, although the scales of the distances

i andal°ngoutertheorbits.abscissadiffer by a factor of 20 for the inner I

!
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CHAPTER6.
"LOCOMOTIVES"OF THE SIDEREALPATHS

The problem of the energetics of the spacecraft's motion is a fundamental /lS____O
in cosmonautics. No matter where a spacecraft is directed, it absolutely has
to have an energy source. It is vital not only for the operation of the main
power units which make it possible for the spacecraft to move in outer space
but for the functioning of the onboard systems and scientific instrumentation.
If investigators were onboard a spaceship, energy for their life-support
system would be necessary in addition.

Energy systems used in space differ from the terrestrial ones in that they
must produce as much energy as possible with as small a weight and volume as
possible. In addition, specific requirements are imposed on them such as
exceedingly high efficiency and reliability, the capability of operating for a
considerable length of time, and an absolute invulnerability under the condi-
tions of an extended interplanetary trip. Cosmonautics already has available
now a large arsenal of rocket motor systems utilizing various sources of
energy. It is true that there is still no universal source of energy for inter-
planetary spacecraft, av4 therefore the most suitable of them are chosen to
fulfill this or the other specific task. Thus, for example, in order to
place the heavy booster rocket of a spacecraft into a near-Earth orbit, its
motors must develop an enormous thrust force exceeding its weight; otherwise

i for the control of a spacecraft's flight, and completely "negligible" thrust
_ of the motors is necessary to orient and maintain the spacecraft in a

; '; specified stabilized regime.

According to the energy type used, the motor assemblies of a spacecraft are /151
divided into four types: thermal chemical, nuclear, electrical, and solar.

: On the basis of their thrust characteristics, it is possible to divide them

_: into two large groups: motors of large thrust and motors of small thrust.
Motors for non-continuous operation which transmit to the spacecraft large
accelerations and permit it to accomplish a takeoff from the surface of planets

_. belong to the first group. Motors for continuous operation which produce
,_ comparatively low thrust force and transmit to the spacecraft all accelerations
_ constitute the second group.

_ Let us briefly discuss each of these types of motors.

_:_ Thermo-Chcmical Rocket Motors

_ It is well-known from everyday experience that atmospheric oxygen plays the
_ most active role in an internal-combustion engine, the firebox of a steam

boiler, and in the combustion chamber of a turboreaction motor - everywhere where
burning, for example, of gasoline, kerosene, coal, wood, and so on occurs. There
is no burning without it. There is no air in outer space, and perhaps no
gaseous oxygen. On what will the space rocket motors operate?
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Let us carry out the following experiment. Let us pour liquid oxygen into
a container of kerosene. Momentarily a flame will flare up, and burning will
take place without the participation of atmospheric oxygen, i.e., one component
of the fuel will burn in the other. But since the qualitative role of these _
materials is different, since their combustion is a chemical reaction of
oxidation, then in order to emphasize this distinction, one of the components
of the rocket fuel which is oxidized is called the fuel and the other, the
oxidizer.

Alcohol, kerosene, benzene, analine, and hydrozene are used as the fuel,
and liquid oxygen, nitric acid, hydrogen peroxide, and liquid flourine as the
oxidizer, in liquid rocket motors (LRM).

The fuel and the oxidizer of an LRH are stored separately in special tanks,
and they are supplied to the combustion chamber by pumps. Here a temperature
up to 5,000°C and a pressure of 50-60 atmospheres is developed as a result of

: " their combination. The combustion products expand and swiftly flow out through
a special nozzle. Repelled from the motor°s housing, they produce a reactive
force which moves the rocket in a direction opposite to the outflow of the
gaseous stream. The larger the energy liberated upon combustion of the fuel,

- the larger the portion of this energy which is converted into kinetic energy
and the larger the outflow velocity of the gases, and, consequently, the thrust
force of the rocket motor, will be.

- About 70 years ago (in 1905), K. E. Tsiolkovskiy first established the
dependence of the final velocity which a rocket can reach on the amount of _uel

_ - onboard the craft and on the outflow velocity of the products of _ts coubustion /15.___2
(gases) from the rocket motor. He proceeded in his approximate calculations
on the assumption that the force of gravity and air friction are absent and that

i " the motion itself of the device is caused only by the expulsion of the exhaust
_" gases.r

_ He expressed the dependence which he found by the equation

_' ffic,In Minitial (12)

• i'i Vfinal Mfinal " !

:_ Here Vfina 1 is the rocket°s final velocity, i.e., that velocity which the rocket w
_ acquires after the combustion of all the fuel stored in it when it accelerates
_ _- in "free" outer space This is usually called the characteristic or ideal
_. .velocity, emphasizing nevertheless that although in reality it is not achieved,
_ - it would be entirely possible to reach it under certain ideal conditions.
_i: It is measured in meters per second or kilometers per second, c is the outflow
_ velocity of gases from the rocket motor measured in ueters per second o_ kilo-

meters per second, Hinitia I is the rocket's initial mass, its so-called launah
mass, which includes the nasa of the rocket assembly, the fuel supply, and the

useful payload, Mfina 1 is the rocket°s final mass, i.e., its mass after
consumption of the _uel stored in it, and In is the natural logarit_ which is
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related to the base-ten logarithm by the relation In N = 2.3 log N (here N
is any number).

It is evident that the rocket's initial mass is equal to

MinitiaI = MfinaI + Mfuel,

where Mfuel is the mass of the fuel. Having substituted into (12), we obtain

Vfinal = c In Mfinal + Mfuel= c In(! + Mfuel ). (15)Mfinal Mfinal

Mfuel
The ratio - z is called the Tsiolkovskiy number.

Mfinal

It is fully evident that the more fuel the rocket has, the larger
the number is, and naturally, the higher its final velocity is. We note that
we are not talking about an absolute fuel supply, but about the ratio of the
fuel mass to the mass of the useful payload and the rocket structure. Thus it
follows that, in order for a rocket to be able to reach as high a flight velocity
as possible, its builders must strive to make the rocket as light as possible
so that as large a fraction as possible of the initial mass can be in the
form of fuel and useful payload. If one takes into account the gravitational
force of a celestial body and the resistance force of its gaseous envelope,

] a rocket's final vel_city is determined by the expression

Minitial

V._inal= Kc 2.5 log Mfinal , (14)

where K is some coefficient (K < I).

, The most important characteristic of a rocket motor is the velocity of the /15____3
exhaust gases. The best kinds of chemical fuels used in contemporary LRM

J"-'(liquid rocket motors) are capable, upon combustion, of prb,.ucinga stream of gas
, _' with an exhaust velocity as high as 5,000 m/sec. If one takes into account

_'_ the fact that a booster rocket's mass ratio is also very restricted, the
_ difficulties in obtaining a high flight velocity for rockets will become

' -completely evident. Even _f the rocket did not at first carry a useful
_ _payload and consisted only of the "empty framework" and fuel, this ratio

could scarcely exceed the number 10. We will clarify what this means with the
following examples: the mass of the contents of an egg, i.e., the white and

, the yolk taken together, only exceed themass of the shell by a factor of 10;
_ the mass of an ordinary bucket is about a kilogram, and it holds no more than

_ 10-12 liters of water; approximately the same ratio obtained for a railroad _ '" _ ,
• :_ tank --it ¢_a ImJtd15-15 times more liquid that it itself weighs. Thus one should

i bear in mind the fact that neither a bucket nor a tank have heavy and cumbersome! power units on them nor any other complicated systems controlling not only the
• "operation of the motors but the flight of the rocket with its useful payload

on board. Consequently a rocket's skin should be very light and simultaneously

a
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durable enough to withstand the dynamic overloads in flight. Based on the cited
formulas it is not difficult to compute the maximum velocity possible. As an

..example let us take a mass ratio equal to 10 at a gas exhaust velocity of
3,000-3,5000 m/sec. The maximum attainable velocity is 8.05 and 10.35 km/sec,
respectively.

- We pointed out earlier that the higher the exhaust gas velocity, the higher
the rocket's flight velocity. This is on the one hand. On the other hand,
the higher the exhaust gas velocity, the greater the specific thrust will be -
one of the main indicators of a rocket motor's efficiency. Since we have not
encountered this index previously in this book, let us discuss it in somewhat
more detail.

- The thrust of a motor is related to the exhaust has velocity by the
known formula

G

F --g c, (15)

where G_is the consumption per second of combustible fuel and c is the exhaust
g

gas velocity. Thus an increase in the exhaust gas velocity and an increase in

the rate of consumption of the working medium raise the thrust. But theper-
fection of the motor and the efficiency of its operation are characterized by
the specific thrust, i.e., the thrust which can be achieved if one consumes

- 1 kg of fuel in one second, and it is expressed by the formula

j F C c (16)
=_-- g--_c= g .

- If the thrust force determines _the thrust equipment of the rocket and
depends on the absolute dimensions of the motor, the specific thrust shows the
efficiency of the use of a single kilogram of fuel in a given motor. _The higher /15__4
a motor's specific thrust, the less fuel is expended to attain the same
total impulse of the motor. It characterizes the economy of the thrust system
and is determined by the perfection of all processes taking place in the motor.
This means that, in the case of identical fuel weight and dimensions of the

motors, one'could be preferable which has the higher specific thrust. It is
evident from equations (15) and (16) that the thrus_ force of a RM (rocket motor)
and its economy depend on the rate of rejection of reactive mass. Therefore an
increase in this rate is the object of the tireless efforts of the creators of

- spacecra£t.

The exhaust gas velocity from the nozzle of a RM (rocket motor)' depends on
the temperature _ molecular weight of the gases. The higher their temperature

, is, the greater the velocity; on the other hand, it is desirabl.e to have as small
a molecular weight of the co._bustion._preducts (working medium) as possible: the

: ---exhaustvelocity increases as it decreases. From this point of view, liquid

hydrogen is considered the best fuel

_ It possesses a high heat-resistance, vhich provJ.des for a high temperature
_._ - for the combustion products, and tt_has the lovest molecular weiEh_ Of all
_:: the materials knovn on EaCh, In addition, the specific impulse shows
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physically what thrust a motor will produce for each kilogram o£ fuel consumed
per second.

- Thus, if an exhaust gas velocity is taken equal to 3,500 m/sec, then a
-motor in which, let us assume, 100 kg of fuel burns each second, will develop a

thrust o£ F = 100 x 3500 = 350 newtonslk. The specific thrust is 550.___00- 555
9.8

kg.sec/kg. The larger the specific thrust, the lower the specific fuel expendi-
ture. Due ¢o this it appears possible to decrease the ratio o£ a rocket's

initial mass to its final value. At the present time approximately 2.5-3 grams
of fuel is expended for each kilogram of thrust acting for one second. It is

' not difficult to calculate that it is necessary to expend 2.5-. _ kg o£ fuel per
second, and 150-180 kg per minute, in order to generate one ton o£ thrust. But
since the thrust o£ contemporary rocket motors reaches an enormous value figured
in hundreds and thousands o£ tons, very large fuel supplies are necessary for
them. Therefore contemporary rockets, figuratively speaking, are very '_oracious"
and can be conceived in the literary sense to be a flying tank. In order to
convince one's self o£ this, let us make stone very simple calculations. Let us
assume that a rocket has 800 kg of fuel and its final Bass is 200 kg. With an
exhaust gas velocity o£ 5,000 m/see and with K = 0.7, the rocket':; final

velocity will be Vfina 1 = 0.7-5,000 In 5 = 0.7.5,000.1.61 - 5,381 for m/sec.
As we see, this is an insufficient velocity even to place the rock,st into orbit
as an Earth satellite. This leads to the conclusion that, even using the best
chemical fuel 15, such gigantic rockets are required for interplanetary trips as /15___5
are impossible to construct at the conCeaporary level o£ technology. Thus if we

_ take the useful payload mass (i.e., the Bass of the crew and everTChing necessary
r for its operation and vital activity) to be ten tons, the rocket's launch mass
• in the case of a flight, for example, to Mars and back would be more than 25,000

tons. As we see, the takeoff weight o£ "chemical" rockets for such a flight
become literally fantastic. But mankind is beginning to populate space in
earnest. People are trying to construct scientific stations on the Noon, they

_. are striving towards Mars and Venus, and today they are evem contemplating i
flights to the more distant worlds o£ the solar system and beyond its limits.
Where does it all lead?

. The fact that a rocket's mmss is decrease in proportion to the i_el
" -expenditure favors an increase in the rocket's flight velocity, and due to

;_ ..... , -this, the acceleration Crows continually under constant thrust. In addition
decreases in the rocket's Bass can be achieved ig from tile to time remaining

, .i unnecessary enpty tanks, spent motors, parts of the framework, and so on
* - were jettisoned fron the rocket. After j ettisoning, al, l_ ¢Jwlm: parts would

**- no longer burden the rocket with "dead weight", hindering ,_ts acceleration.
,: The idea o£ creating such a rocket, called a multi-stage rocket, was

l_The dimensionality o_ the specific thrust is given in seconds in the literature.
, But the physical meaning is lost with such a dimensionality.
_ I SLlquld hydrogen in coablnatlon with liquid oxygen gives a specific impulse of
_ about 450 seconds. Contemporary LRN (liquid rocket motors) operating with non-
_ -cryogenic fusl (for example, hydrocarbons) have a specific tg_ulse not exceeding
_ 550 seconds.
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first advanced in 1929 by the founder of cosmonauttcs, K. E. Tsiolkovskiy
(Figure 43).

i

[st_s m

Front view

Figure 45. Schematic Diagram of a _ulti-Stage
Rocket: 1, Liquid Rocket Motor of the First
Stage; 2, Stabilizer; 5, Fuel Tank of the First
Stage; 4, Oxidizer Tank of the First Stage; 5,
Liquid Rocket Motor of the Second Stage; 6, Fuel
Tank of the Second Stage; 7, Oxidizer Tank of the
Second Stage; 8, Third Stage Liquid Rocket Motor;
9, Third Stage Fuel Tank; 10, Third Stage Oxidizer
Tank; II, Instrument Compartment with Instrumenta-
tion o£ the Control System; 12, Useful Payload; 1_,
Nosecone; 14, _echanism for Separating a Space
Object; 15, Junction Between the Second and Third
Stages and 16, Junctio. _etween the First and
Second Stages.

The rocket consists of separate stages, and in flight, whe_ the entire fuel
supply has not yet been consumed but only the fuel located in the first stage
tanks has been consumed, elements of the structure which have been used and are
unnecessary for subsequent flight are discarded. While the motors of the first

-s_age are operating, we can consider the -s_aining part of the rocket as useful
payload. After the separation of'the first stage, the second stage motors
operate. They add their contribution to the already existing velocity, and as
a result the total velocity becomes greater.

According to equation (15), the velocity after the termination of operation
of the first stage motors is equal to

V1 - c I In (1 + Z1).

The velocity at the end of operation of the second stage is equal to

V2 • V1 + c2 In(l 2) or .
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V2 = c 1 ln(1 + Zl) + c 2 ln(1 + Z2).

The velocity at the end of operation of the n-th stage is

1 + M0
Mfuel empty

Here Z1 =
M0
empty

where MIfuel is the mass of the first stage's fvel, and M0 is the mass of _heempty
entire rocket without the first stage's fuel, and i

M11 M11
fuel + empty

Z2 = M11 ,
empty J

where II is the mass of the second stage's fuel and MII is the mass of
Mfuel empty

the rocket without the first stage and without fuel used in the operation of

• • = c, and Z1 = Z2 ... Z = Z,the second stage motors. If we take c I = c 2 . c n n
the formula takes the form

If we take into account the operation of the forces of gravity and air
resistance, the final equation for the velocity which a multi-stage rocket will

; acquire takes the following form

•'__'.'._ (17)

;, Let us discuss in a specific example the advantages of a multi-stage rocket. /15____7
Let us suppose that the problem is posed of imparting the first cosaic velocity
(circular orbit velocity around the Earth) to a rocket. It is built so that

_ _ "the fuel mass in each 6f its stages amounts to 80%, while the remaining 20%
,, "" goes for the rocket itself. Let us take the exhaust gas velocity of stl the
; motors to be 3,000 m/sec. Let us consider that the coefficient k also remains

constant at each stage. A calculation shows that under these conditions, as has
;- already been shown abc_e, the rocket will develop a velocity of 3381 m/sac

towards the end of operation of the first stage motors. After the termination
i - of operation of the first stage motors, the first stage is jettisoned, and the

' , _-remLintng parts of the rocker contimaes its flight. Since the flight of this
_, rocket begins not fr_ a state of rest but freg a velocity of 3,381 m/see, its

terminal velocity is equal to

,I! :
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With an exhaust velocity of c = 5,500 m/see and c • 4,000 m/sac, respectively,

we obtain V2 = 7,900 m/sec and V2 = 9,000 m/sec.

And so the solution of the problem of attaining the first cosmic velocity
_ has been found. In order to obtain still greater velocities_ it is necessary

only to increase the number of stages. However in the transition even from
single-stage rockets of low mass to heavier ones, the designers have been
confronted with a number of significant difficulties. They consist of the
fact that, as the linear dimensions are increased for example, by a factor o£ 2,
the volume and mass of the rocket increase by a factor of 8, and the transverse
cross-section of the construction of its elements increases by a factor of 4.
Consequently the mechanical resistances exerted by the inertial forces increase

- by approximately a factor of 2. _ere£ore an increase in the dimensions and
mass of a rocket can not be attained by simply reproducing it in a larger scale.
Here is why, even at the dawn o£ the development of rocket technology, there
was conceived among the designers such a popular phrase as: "we must be jewelers
in our work". It has not lost its significance up to the present time. It is
completely understood that the difficulties pointed out by us in the creation
o£ multi-stage rockets and the very restricted possibilities of chemical fuel
in increasing the exhaust velocity of its combustion products lead to
the fact that rockets operating on chemical fuel do not permit attaining the
velocities necessary for the flights of expeditions of investigators along
interplanetary trajectories. Therefore the necessity arises o£ creating rocket
motors which operate on different principles. In this respect nuclear motors
offer great prospects.

Nuclear Rocket Motors (NR/4)

" It was shown earlier that one the main inadequacies of rocket motors
- operating on liquid fuel is associated with the limitations on the attainable

size o£ the exhaust gas velocity. And thi:; is because the working _ditm itself,
by burning, produces the thrust. There is the possibility in a nuclear motor
of separating the source of energy and the working medium and, by virtue of /15__._8
this, increasing the specific thrust. The working medium, for example, is

4 liquid hydrogen passing through the active zone of a nuclear reactor; it is
heated to a higher temperature. The rapidly expanding gaseous hydrogen flows
out of the rocket motor at a high speed. An increase in the fuel density
permits one to decrease its dimensions, and consequently the mass of the

- rocket's capacity. Thaaks_to this, it is nc longer necessary to worry about
an oxidizer, and therefore it is necessary to use only a single liquid with a
comparatively low molecular weight and a ratL_er high density: And this is

"' _ very advantageous, since a decrease of the iolecular weight by a factor of 2.25
increases the exhaust velocity by a factor of 1.5. The active =one of the
reactor (where the fission of the nuclei and the deceleration of their fra_nents,
transformed into heat, occurs) can be of _ types: solid, liquid, and gaseous.

_, At the present time an N_J4 (nuclear rocket kwtor) having a solid active zone
_ is t,t,ing developed in the USA. With a thernal po_er for the reactor of 1,500

negawatts, it will give a thrust of 33 tons and a specific impulse of about as0

_.. seconds. However such a motor has one main drawback: the degree of heatinl, of the hydrogen i_ its reactor is limited by the melting temperature of the
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fissionable material. Due to this the naximm attainable value of a specific
impulse cannot exceed 900 seconds. We note that the most highly efficient NR)4
(nucleaI rocket motor) operating on hydrogen and oxTgen at the present time has
a specific thrust of the order of 450 seconds.

NRMwith a liquid active zone permit increasing the specific impulse to
1,300-1,500 seconds. But the melted nuclear fuel in it, which fumes intensely,
will enter the hydrogen and be ejected along with it to the outside, which will
lead to radioactive contamination of the surrounding medium.

A motor with a powder reactor may have intermediate characteristics between
those of the solid-phase and liquid-phase NRM. The f_ssionable material in it
is in a finely-divided state.

The theoretically attainable value o_ the specific impulse in a gas-phase
NRMis 2,000-2,$00 seconds. The comparative characteristics of N_q of all 4
types are cited in Table 18.

TABLE18.

Type Of NP_ Specific Working Sedi_,m iTuperature: of the
impulse, Temperature, P, arm active zone,
c IK oK

m

Solid phase 900 $, 000 70 $, 300
Powder-phase I, I00 3,700 70 3,870
Liquid-phase I, 500 S, 800 280 8, $70
Gas-phase 2_500 !6 p800 I000 78 p500 r

One more indicative characteristic in co_paring these types of /15.._99
power plants consists of the fact that the greater the rocket's initial mass
and the specific thrust of the NPJ4 (nuclear rocket motor) in comparison with the

- specific thrust of a L_ (liquid rocket motor), the greater the econow/ in
the mass of the nuclear rocket due to a decrease in the mass of the working

- medium. And advantage in mass is a matter or primary importance in
cosmonautics.

_ These are the main advantages of this _yl)e of motors which are considered,
- not without reason_ as the key to the investigation and conquest of the celestial

bodies of the solar system. It is now even impossible to imagine manned
expeditions to the planets without the use of the atom's energy.

_ However, as is evident from the cited table, there are many serious
obstacles in the path of creating such motors. The working meditm mast heat
up as the result of the reactor's heat exchange. This means that the material
of the reactor must be heated up to still higher temperatures. This -equires

_ very heat-resistant materials. The necessity of transferring enormous umunts
of heat results in a sijnificant increase in the dimensions and ms of r._clear

i motors. In addition to this, it will scarcely be possible in the near future
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i
to equip such a motor with sufficient biological protection - fielding of a
desirable mass and possessing the necessary effectiveness. Therefore in order
to avoid radioactive contamination of the _t,_osphere, it is advisable to use
nuclear motors not in the first stage but in the intermediate stages of a multi-

.... stage rocket. If one adds to this the _ct that, to launch such
a cumbersome and heavy machine into a near-Earth orbit will not be easy, |
it becomes clear how necessary an interplanetary orbital station is, on which
the nuclear motor can be assembled. In fact the possibility is not excluded
that the assembly of the nuclear stage will be carried out in near-Earth orbit,
to which its parts will be delivered from Earth by LPJ4 (liquid rocket motor)
craft.

The technical difficulties enumerated above and others as welt do not
permit the introduction yet of atomic motors into space exploration. However,
there is no doubt that these difficulties will be _vercome and nuclear motors
will expand the possibilities of solving many problens of space navigation.

Thermoelectric Rocket Hotors (TPJ4)

At the pre_ent time this class of notors is being intensively developed,
since the promise a uultitude of advantages for cosmonautics. The thing
is that the thrust of such _otors is produced by virtue of the outflow,
not of combustion products, as in thernochmical motors, or the heating
of a naterisd, as in _uclear motors, but as the result of the outflow of a
plasma l 6.

It has already been known for a long time that matter exists in 3 states: /16___0
the solid, the liquid, and the gaseous. In recent years attention has been
turned nore and e_r_ to an unusual fourth state of matter wh'_h i_ called plasna.
Just what is thi.s? In the solid state atoms and molecules occupy a rigidly

• specified position, and it is not easy to displace them. in a liquid, they
, have a somewhat greater but all the sale linited freedou of motion, since the

intermolecular distances and the volume of the liquid are almost unchangeable.
In a gas the nolecules and atons shift about freely, but within the atoms all
the electrons move along their orbits. In a plasma part of the electrons from
the outer shell of the atons is torn loose and acquires coN_lete freedom of !
notion. Having lost part of their electrons, the atoms an_ smlecules acquire
a positive charge and become ions. Thus a plasma is ,tatter consisting of a
mixture of positively and negatively charged and neutral particles. It, sisLilar
to a total, conducts an electrical current well. And if it is acted on by an

_ electronagnetic field, a plasma will move in a similar manner to a conductor
in which a current is flowing moves in an electrical notor. Thus in plasma

-_. motors the flow takes place, not due to _ pressure differential between the
_ conbustion chamber and the outside, but due to electromq_etic fo_es. Hence it

appears possible to accelerate particles of the working medium to hundreds of
kilomoters per second.

laThe tern '_)lama" was suggested by the _aerican physicist I Langnuir in 1924
:_ _ and was adapted by hls froa biology. More than 90t of all the _atter of the

_. Universe is in the fore O_ plasma, and only O. I_ goes _nto the solid state. ..
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-- Specific impulse values provided by various thermoelectric rocket
motors (TRM) are as follows: electric arc -- up to 1,500 seconds (the accelera-
tion of the working medium in it is purely thermal); magnetohydrodynsmic
(magv.etohydrodynamic motors -_) - up to 6,000-7,000 seconds. In it the

energy is imparted to the working medimnby means of the Lorentz force, which
arises when a magnetic field interacts with an electric current in the
plasma (the current flows at right an_les to the magnetic field of the accelera-
tor). The ion thermoelectric rocket motor gives e specific impulse as high as
20,000 seconds.

In order to clarify the nature of the'operation of an electric rocket motor,
let us discuss as an example ion motors in which the reactive thrust is produced
by a flow of ions accelerated by a magnetic field. An ion motor consists of
three parts: the ion generator, the ion accelerator, and s system for
neutralizing the space charge. How does such a motor operate?

Pairs of cesium, rubidium, or of any other easily ionized material, comin_
into contact with a heated tungsten surface, are_heated up to 800°C and, by
losing electrons, form positively charged ions. When they reach the accelerator,
which consists of electrodes to which a voltage of tens of thousands of volts
is applied, the ions acquire an enormous exhaust velocity (as high as 200 km/sec),
and due to this a reactive thrust is produced. But since the ions leave the
rocket but the elect'_ons remain in it, the rocket is negatively charged within

: a certain time to a :ather high potential (of several thousand volts). Due
to this it can itself be the accelerating electrode for a beam of ions_ but _

; - it will accelerate them in the opposite direction, and they will obediently_ ,, .

; return, negating all the effort expended. To prevent this, neutralization /161
- o_ the ion beam is necessary.

In order to accomplis;_ this, a special neutralizer --an electron emitter -
is incorporated into the motor's design. Electrons emtted from it are picked
up and ejected to the outside through a special device in an amount equal to
the amount of ions and with the same speed. A_a result of ejecting a neutral
plasma, the spaceeraft acquires an acceleratlon on the order of I0"2-10 TM and
sometimes less, i.e., tens and thousands of tille s less than the acceleration

-due to terrestrial gravity. This means that each second the device's
velocity will increase in ali by several millimeters, and in some cases tens
of millimeters per second. Therefore a spacecraft equipped with such a motor
would not be able to take off from the Earth's surface. It would not even

quiver at the launch position when the motors were tu_ed on. _is makes them _
- unsuitable not only for taking off from the Earth but also in case

an appreciable aerodynamic resistance of a celestial bodyts gaseous _Iope
is present. Therefore launch of a device equipped with electric r_cket motors
must take place from a near-Earth orbit.

t

: -- The flight trajectory of a spacecraft with an electric rocket motor will
: be a gradually unwinding spiral. Since the acceleration of the spacecraft

_- takes place along the tangent to its orbit, i.e., al_st perpendicularly to the
direction of the force of gravity, the energy loss In overcoming the forces of

_: gravitation becomes minimal.
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And since, in the case of an unwinding spiral, the device's altitude above
the planet will be continuaUy increasing, the velocity necessary for it to

- break away" from the planet will continually decrease. And this is completely
- understandablel In fact as the altitude increases, for example, above the Earth's

surface, the parabolic velocity (second cosmic velocity) decreases!

At a certain altitude the device's velocity will exceed the parabolic
_ velocity, the spiral will change into an ellipse, and the spacecraft will

depart on its interplanetary trajectory.

_- Electrical energy is necessary in order to create the working medium and
produce the thrust for such a motor. An onboard nuclear reactor can give this
electrical power. Although no temperature restrictions exist in plasma motors,
too high exhaust velocities of the plasma are inadvisable, since they would
require enormous power from the electrical energy generator, as the energy
expended is proportional to the exhaust velocity. The mass of the power plant
would increase far more than the thrust (which is proportional to the
first power of the exhaust velocity), and as a result the device's acceleration
would be greatly decreased.

Since TRM (thermoelectric rocket motors) include an energy converter
similar to an atomic electric station, its own mass is very significant in the
general balance of the spacecraft's masses. Therefore in addition to the value

_ of the specific impulse, the specific mass is very important for low-thrust
motors, i.e., the mass of the thrust system per each unit og its /162
electrical power output.

_ At the present time their use is assumed to be expedient if a thermoelectric
rocket motor has a specific mass no more than 15-20 kg of force/kilivolt.

The very serious inadequacy of such motors is the necessity of releasing
the heat excess generated by the nuclear reactor, since it is not removed by
the working medium and is not transported away by c nvection to the surrounding
medium. One can remove it only with the help of special radiators having a very
large radiating surface. Spacecraft equipped with electric rocke_ motors possess
a very important advantage --a large load capacity. According to the calculations

i _ of scientists, their useful payload is 1/4 or 1/5 of the initial mass, while
_ the useful payload of spacecraft using thermochemical motors is only I/I0 or

1/15 in all of their launch mass.

£
_ An exceptionally important advant_ o. of electroreactive motors is the large
:r

perforr._nce reserve and the simplicity of their regulation within wide limits
i_ by means of varying the electrical supply parameters. These and other advantages
• make their application very promising on spacecraft having an extended flight
_ duration in the case of the transporting, for example, of different kinds of
_ loads and equipment to other celestial bodies.

I One should also not exclude the possibility of obtaining in space almosti_ "free"_electrical energy by means Of the interplanetary ionized plasma. If

i such "a plasma is a rather rare s_ate of matter on _he Earth, it is just the

opposite in the Universe, where the major mass of mmterial is ionized. There it
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' occurs in two forms we11-knovn to us: in the fot_ of a "steady-state gas"
- consisting of charged particles which move chaotically at comparatively

low velocities, and in the form of the so-called "solar corpuscular streams"
- which emanate from our Sun at a speed o£ several hundreds, and souetines

even thousands, of kiloneters per second. In this plato ocean interplanetary
liners equipped with electroreactive motors will be able to "swim" infinitely,
completing extended space trips almost without expending energy taken from
the Earth, There is no need to dwell on how great the role of such motors will

•be in settling the Universe.

It was reported in the press in October of 1969 that Soviet scientists at
the Soviet "Yantar'" automatic station first recorded an unprecedently high
exhaust velocity from the nozzle of an electr._c rocket motor of a gaseous

_ -reactive stream - 120 km per second! And the first tests of electric rocket
motors under actual conditions of spaceflight were carried out on the Soviet
automatic station "Zond-2" as early as in 1964.

kr Solar-Sail Motors

This is a special type of low-thrust motor (though, it is not a reactive
_-. no, or). The Russian physicist P. Lebedev proved experimentally in 1899 that /163

solar light exerts pressure on objects. The amount of this pressure is deter-
mined by the angle _f incidence of the rays on the surface and its reflectivity.
It is assumed that the solar rays would press with a force of about I kg of

_ force on an ideally reflecting mirror with an area of 1 square kilometer
_ - positioned in the Earth's orbit, and solar rays incident on an absolutely

. black object absorbing all the radiation would exert a pressure one-half as great.

_ A quarter of a century ago the Soviet scientist F. A. Tsander advanced
_ the original idea of _sing this "solar w_nd" to move spacecraft which had

a sail attached to then- a wire framework covered by aluminum foil. The
small_est particles of light, photons, striking the mirror surface of the sail,

_ are reflected from it and simultaneously press against the sail, pushing it
_ forward. Already today "interplanetary sailing yachts" are being designed,
_ and experiments are being carried out with a special film --the "sail-cloth"
:_ of the future. The sail's material should possess unique properties.
_ If the sail reflects practically all the solar radiative flux striking _ _ ....

it, its temperature will drop to absolute zero. The reason for this is radiation

!: -frou the shadowed surface. Consequently, the "sail-cloth" would not be harmed by
ultralow temperatures. In addition, it should resist such specific conditions

i as space radiation, the abrasive actions of space dust and meteoric objects,
......the gradual evaporation of material in a vacuum, and so forth. One "_ _:

must assume that sailing ships will take their place in the
upcoming space fleet, it is possible here to draw a certain anat_gy w_t,h the

sailing frigates which once navigated over the extensive watery spaces, usingwind power. Mounted on interplanetary liners, space sails will be able to serve
then in case their main motors become inoperable.

We point out in conclusion to this section that, cons!derin_ the advantag_

of the different types of motors in a variety 0£'_conbinations/ it is _

.- !4g
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possible to create space rocket aggregates which will permit the successful
solution of the most varied problems of cosmonautics.t

J Space R.ocket Aggregates

Glancing at a space rocket ready for launch, you are struck not only by its
size but by the entire complexity of its construction. This is indeed the
apotheosis of human genius! And this entire space skyscraper has been created

- only for the sake Of its apex. Precisely there, at the very nose of the
. rocket, under a protective envelope is what is called "useful payload" in the

language of the scientists. This may be an artificial Earth satellite, a manned
spaceship, or an automatic interplanetary spacecraft. In order to deliver this, l
figuratively speaking, "crumb" into space, this multi-stage construction, to
which is attached the "good" but clearly "secondary _' name of booster rocket. I
An amazing metamorphis takes place with it during its flight from launch to
its injection, for example, into orbit of an _arth satellite and upon its
return to Earth. Several stages, and then the sateUite ship, are successively
separated from it along the section of the injection into orbit of an Earth
satellite. When it returns to Earth, prior _o re-entry into the atmosphere, !

the spaceship itself has been separated into 2 or more parts of which only a i
single cabin with the crew, or as it is otherwise called, the descent stage, /16__5S

-reaches the Earth's surface, jettisoning prior to the landing a few more
structural items.

_ If the spacecraft base places into an interplanetary trajectory an auto-
matic spacecraft which, having flo_ around the Moon, returns to Earth, it is /166
modified even more (the Soviet automatic spacecraft Zond-5, 6, 7 and 8). But

! both the manned and the unmanned spacecraft designed for lauding on the Moon
_ - and return to the Earth are subject to an incomparably greater change. (The

_:: " Soviet automatic spacecrafts hma-16 and Luna-20 and the AmeriCan manned Apollo
_ spaceship_.) It is completely understandable how the following question arises:
_: -what should be the spacecraft which provides for the flight of an expedition
._ of investigators to the planets of the Solar System?

::* A diagram is presented in Figure 44 of the energy expenditures for i
_:_ ,_ flights to different planets. The energy expenditures which, permit reaching

= the planets no more than 5 years after launch from a near-Earth orbit are
_, indicated for distant interplanetary flights. It is evident from the diagram

that booster rocket units capable of developing a speed of from 3 to 50,000
_ _" _-meters per second and more are needed _o investigat e the Moon, planets of

the terrestrial group, and also Jupiter and Saturn.

_ _ The characteristics of the size of spacecraft equipped with various
,_. types of motors are cited in Figure 45: liquid rocket motors opefating with

_ high energy liquid chemical fuels, nuclear rocket motors_ and electric reactive
_ motors.

: It is eviden_ _fr,,O_,Figure 46 thet, independently o£ the type of onboard
_: ,...-,motors of a spacecraft, its initial mass in near-Earth orbit increases ,_67 *-

steadily, reaching several thousand tons.
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Figure 44. Energy E×pe_ditures for Flights to the Planets
of the Solar System: I_ Probes to the Planets; 2, Flyby of

._ the Planets; 3, Flyby with Insertion into ,Planetocentric
Orbit; and 4, an Ezpedition to the Planets or their
Satellites.

Figure 47, in which a c_parison is given of the dimensions and masses of
_ spacecraft with one of the most £aous buildings in the world, the Ostan_inskaya ,

television tower (537 meters), gives a clear notion as to the sizes of the

_ spacecraft which permit the ])lacee_nt into trajectories o£ the spacecraft whose

i masses are indicated in Figure 46. Such enormous aggregates in size havingeolossal _ass naturally requ:Lre power plants alaost inq)robable in. their power.

This is undoubtedly an exceedingly complicated scientific and engineering

proble,. Such aggregates are not onl_ dlf£icult to produce, but what ls _)re
important, di_£icult to opera'_e..
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: Figure 45. Provisional Characteristics of the Masses of
Spacecraft for Investigating the Planets: I, Using
Promising Liquid Rocket Motors; II, Using Nuclear Rocket

¢ Motors; III, Using Thermoelectric Rocket Motors; I, II, III,
IV, Mission Profiles Indicated In Figure 44. The

_ characteristics of spacecraft for solving a number of
problems with respect to Venus, Mercury, Jupiter, and Saturn
exceed the limits of the diagram.

_ Space Harbor

_' .: can easily conquer the Solar "Syste_ with available technology. Let us

i '""first solve the easiest probla: censtruc_tn[ an orbital settlint in the _.. Earth's vicinity as its satellite at a distance of 1,2,000 kilometers fro_
the surface outside the atmosphere... Havinl settled here persane_tly and

.:_-- publically, let us obtain a reliable and safe base, fa_iliarizing ourselves
- well with life in space (in the vacutm); we*will already more easily change
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_ its velocity, moving away from the Earth and the Sun, and generally wandering
where we please."

+ :' +

+ Venus laS' , , ,.

,,,++_+++++++ ,oo +.+++.°rbit _ o) o .++_- +f,+, +
I__2 3 4 5 6

Figure 46. Provisional Mass o£
Figure 47. Comparison of the Dimen-

Expedition Aggregates for Flights to
the Noon, Hars, Venus, Nercury, and sions and Masses o£ Promising Booster

Rockets with the Ostankinskaya Tower
Satellites o£ Saturn and Jupiter. (537 meters). The scatter in the

+.+-- The distribution of the initial mass launch masses is due to the use o£
+- is obtained by the use of various types different types of _otors for the

o£ rocket motors (LRM, NP_, and TRH). booster rocket's stages; the minimum
mass corresponds to the use o£ liquid

The pioneer o£ the celestial rocket motors and thermoelectric
paths K. E. Tsiolkovskiy advanced rocket motors, and the maximum mass
this idea already in 1926 in his corresponds to the use of iiquid

: classic work "Investigation of rocket motors. The overall sizes of
the Outer Spaces by Reactive_. the rockets for one and the sa_e

t++ Devices". He assumed that since _ task are quite similar. 1, I'such an "extraterrestrial island" *_' "
Saturn-5 -2_700 tons for the Noon;

must have significant dimensions 2, 6,000-30,000 tons for Hats; 3,
and mass, it must be constructed I0,000-45,000 tons for Venus; 4,and tested on Earth and then

'_ delivered in parts with the help 12,000-90,000 tons for Mercury; 5,
45,000-180,000 tons for Saturn; 6,

+ o£ payload rockets to the necessary 70,000-250,000 tons for Jupiter.
i+ altitude+, where cosmonauts would +++_ ,_
:+ ., again asse_bl_ it into a single structure suitable for an extended stay in

• _ -it by people and the concentration o£ the necessary loads. This idea seemed
_ so fruitful that" at the present time the majority of interplanetary flight
i - projects are oriented towards it. It is true that, durl_g the first stages of

the settlement o£ space, one should not exclude the possibilities of the construc-
t+ tion of an analogous station directly in space £ro_ the stages of the rocket
+J aggregates placed in near-Earth orbit (idea o£ the Soviet scientist A. A.
_+ / ShCernfel *d)_+

Iaportant problems in this direction have already been solved by Soviet
+ science and technology. One should recall that +as early as !_962 the Yqstok-$

and Vostok-4 spaceships, Banned by the pilot-astronauts Andriyan _Ni_kollyeV and
Pavel Popovich, who completed the first group flight in the history of cosmmautics
cosmonautics, were placed near to each other (5-6 k_). Later automatic docking

- docking was accosplish+ed between the Kosmos-186 and+the Komos;188 spacecraft,rand
+,
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_ also the Kosmos-212 and the Kosmos-215 spacecraft. Then on the manned space-
ships of the Soyuz type, a system for the rendezvous of two ships, and subse-
quently the docking of two manned spaceships, was worked out quite well. /16____8

In the summer of 1971, Soviet scientists established in near-Earth outer
space the first long-term Salyut-Soyuz orbital scientific station in the history

_ o£ the world. This was qualitatively a new step on the path of constructing
in near-Earth space large orbital stations for extended operation.

In 1973 the Skylab orbital space laboratory was produced in the USAI?.
5 All this brings us near the time when it will become possible to construct in

near-Earth space large orbital stations. They will permit a significant
: broadening o£ the circle of scientific investigations relating to the Earth, its
_ atmosphere, and the outer space belonging tc it and will also solve a number of

scientific-engineering problems of great nation,t1 economic significance. Among
them one can name such problems as intercontinental radio and television

: broadcasting, radio commmications at ult_a!ong distances, the organization
_ c-¢ = universal service of observing solar activity and its effect on the

weather, accurate navigation for sea and air vessels, and also for spacecraft
_ directed towards the depths of the Universe. On such stations one could

comprehensively investigate the conditions of human activity in outer space
and clarify many problems associated with providing for their safety during

_ long stays in flight. Cosmonauts on them would be able to carry out preparation -
_ "acclimatization" - prior to taking off on distant interplanetary flights.

One of the important elements Of a large orbital station would be the
_L space shipyard Its main purpose would be to provide for the assembly of
_ interplanetary ships from construction units on Earth. Liners would be
_ launched from this shipyard for flight to distant worlds; they would moor here
,_ after completing their space journey. The conquerors of the spatial wilderness
_ who arrive here would undergo any quarantine that was appropriate, after which

they would return to Earth in special transport ships. With such space docks
_, a flight to celestial bodies and back would appear to consist of several

separate stages (Figure 48).

!_i: First stage -casting off (launch) of the interplanetary ship from the
_ space port and its entry into an interplanetary trajectory (1).

!: Second sta_e -- flight of the ship along an interplanetary _r_jectory to
the de'stination planet (2).

_ Third stage - entry into a near-planetary orbit and flight along it for a
_' certain time (3).

_ Fourt___.j_sta --casting off of a unit f_m the interplanetary ship ami its
landing on the planet (4).

,, , , , ,,,= , ,,, , ,, _ , ,, _ _ , ,

17Skylab upon trsnslation into Russian means "celestial _laboratory _'.
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Figure 48. Stages of an Interplanetary Flight. Inter- /16___99 ;
planetary space liners assembled at a near-Earth space
station consist of orbital and exploratory units, The
acceleration of the ships to the velocity necessary for
flight to a planet is carried out by special boosters
which return to the launch complex.

After the space liner enters a near-planetary orbit
(3), part of the crew transfers to the exploratory
unit, which is separated from the ship and makes a
landing on the surface of the planet being investigated,
After carrying out the necessary tasks on the planet_

:. the exploratory group returns to the near-planetary
_ orbit in the ascent stage of the exploration unit and

carries out a rendezvous with the orbital unit of the
i _ interplanetary ship. The cosmonauts transfers_to a

flight trajectory back to Earth. Upon returning to
' the vicinity of the Earth, the ships of the inter-

: planetary expedition approach the orbital terrestrial5

complex and rendezvous with it.

Fifth stage - ascent stage of the exploration unit takes off from the /17___O0
planet's surface and enters a near-planetary orbit for docking with the inter-

_ planetary liner (5).

Sixth stage - launch of the interplanetary liner from the _,ear-planetary
orbit and its entry into an interplanetary trajectory in the direction of the
Earth (6).

_ Seventh stage -flight of the liner along an interplanetary trajectory and
its entry into a near-Earth orbit (7).

%

[ Eighth stage --docking of the interplanetary liner at the port of the
near-Earth space harbor (8).
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Let us briefly discuss the advantages of launchlng interplanetary space
_ liners from a near-Earth space dock

Cosmodrome in Orbit

_ Interplanetary liners, when taking off from a cosaodro_e in orbit, in order
to overcome the terrestrial attraction, can develop a significantly lower

_ velocity than i£ it were necessary to takeoff from the Earth, and this means
_ that large fuel supplies will remain onboard (provided, o£ course, that the
' fuel tanks are completely filled). The additional velocities, in case the

interplanetary cossodrome station is at an altitude of 200 ks, are approximately:
3.6 km/sec for a flight to Mars; 3.5 kin.see -to Venus; 6.3 ks/see --to Jupiter;
5.6 km/sec --t6 Mercury; and 8.4 ks/sec -to Pluto, and an additional velocity

_ og 8.75 km/._ec is necessary for the spacecraft to leave the confines of the
Solar System.

. The second factor which makes the use of an orbital cos_xlrome advantageous
i_ is the fact that, in this case, one can have a significantly larger useful

payload onboard the interplanetary liner than if it were launched from the
_ Earth's surface. This is due to the fact that the useful payload mass depends

not only on the velocity which must be imparted to the spacecraft, but also on
,: the direction of its motion with respect to the Earth's surface. A booster
" rocket which takes off from the Earth's surface can achieve the necessary speed
_ by moving strictly vertically or keeping the direction Of its motion close to the
_ horizontal. In the latter case the aerodynamic braking becomes more appreciable.
_. That additional fuel expenditure is required to insert the spacecraft into an

il interplanetary ship from a space dock alNost in the horizontal plane, for which
_ a significantly smaller fuel expenditure is required, and, in cemaection with
_ this, it is possible to accon_iate a larger useful payload on the ship with
i_, the same power plant.

_ If the interplanetary ship is launched from the Earth's surface, scientists
6 aust take into account the position of the destination planet relative to the
_i ecliptic plane and its orbital position. This apparently easy problem is

_i transformed in actuality into a very difficult navigation problem because it isnecessary for the launch from the Earth to make necessary corrections to the

_ flight trajectory of the booster rocket. And_although it is possible to _ke /171
corrections, nevertheless the trajectory for piecing the ship onto its flight
path is made more complex, and consequently the possibility of the acctmulation
of errors is increased. It is possible to avoid them by _ak_g the launch
from an orbital cosw_troae. In addition, by using a mobile platform revolving
around the Earth, we obtain a significantly greater number of positions £ron
which the launch of interplanetary ships is convenient. A launch can be
carried out practically above any point of the surface, and therefore the instant
of takeoff is not so rigorously restricted by the position of the launch area
and the launch ti_e. One can select the launch point and trajectory shape which
provide for small gravitational losses. A far greater accuracy of placement
into the selected trajectory is provided by launching an interplanetary ship
from a near-Earth cosn_irome; in fact, in the case of a launch from the Earth,
the _ocket mast not only move for a certain length of time, rigorously aaintaining
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- a specified direction and flight speed, but at the sane time can jettlson spent
stages, turn its engines on and off, and vary their operating modes. It is
perfectly understandable that, no matter how . ophisticated the automatic control
is, there can always be some deviations frc v ".e calculated data. These errors,
which accumulate during the rocket's movement in the acceleration phase,
unavoidably result in a deviation of the actual trajectory from the calculated
one. When the spacecraft is launched from an Earth satellite, it is possible
to detez_ine with _reat accuracy the velocity, altitude, and direction of its
flight, take deviations into account, and thereby significantly increase the
accuracy of the spacecraft's placement into its interplanetary flight path,

An interplanet_ary ship launched from a near-Earth space station can be
: accelerated by using nuclear motors since there is no contamination of the

lower layers of the Earth's atmosphere by radioactive material, It is also
entirely possible to use low-thrust motors for this purpose, i,e., electric
rocket _o_ors, or under the conditions of the first cosmic velocity, it is

: sufficient to apply even an insignificant thrust force to a spacecraft _n its
weightlessness state, and it will begin to move away from the Earth, This will

i_ be _ost advisable for unmanned (payload) spacecraft since an extended stay by
manned ships in the radioactive belts of the Earth would be dangerous to the

' cosmonauts. The flight conditions in interplanetary space differ very
significantly from those for placing spacecraft into a near-Earth orbit. Space-
craft making the flight from the Earth to near=Earth orbit must have a well-

_ =streamlined shape since it is necessary for them to overcome atmospheric
_ resistance. Because of their rapid acceleration they must withstand large
_: dynamic loads and experience significant thermal heating of their outer shell;
_ therefore their body must be quite durable. It is not necessary for an inter-
_' planetary ship making a flight from the orbit of an Earth satellite to an orbit
i of the satellites of a celestial body to overcome atmospheric resistance; it

can move under far smaller acceleration, and therefore its body can be less /172durable and perhaps lighter. The selection of the shape for an interplanetary

_ liner will probably be oriented towards minimizing its structural weight while
_,:, achieving maximum volume, as this will make it possible to acco_odate the

_ necessary payload while ensuring complete safety and the necessary comfort for
_ the crew,

_/. ; As is well known, Soviet scientists, in developing the ideas of K. E.
_,_. - Tsiolkovskiy, were the first to launch an au_atic interplanetary station frms_
_ the orbit of an Earth satellite and thereby conginaed experimmtally its
_ advantages. This occurred on February 12, 1961, with the launch of an autoumtic
_ station to the planet Venus. Since that tim all the spacecraft launched toward
_°_ celestial bodies both by the Soviet Union and by the United States of America
_. have been launched from near-Earth orbits.

_- Inter_!anetar _ Liner

I It is similar to certain extent sub_arine, in the

a to a Just as water, a

person in airless space cannot survive without special means of life-support.

Therefore special hermetic coupartnents, coupletely isolated iron the external
environment, are necessary in an Interplanetary llner Just as in a suknarine.

. The necessary _icrocli_ate uust be produced _ them artificially: the cee_osltiO_
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and pressure of the air required for people to breathe and a favorable teuperature
must be continually Naintained, and also all toxic vapors liberated by living
organisms and equipment must be absorbed. In order to enhance the shipts
reliability and to increase the safety of the crew, the liner is divided into

• separate hermetic compartments which, if necessary, can be isolated from each
other.

One of the barriers which the interplanetary medium presents for man is
radiation, which has a destructive effect on living organisms. It comes from
galactic cosmic radiation, explosions on the Sun, the radiations of the Earth's

: radiation belts, and nuclear equipment onboard. The antiradiation protection of
the entire shop is designed for the usual average background of cosmic radiation
of interplanetary space. And only the hermetic compartments in which the
cosnonauts live have tb.e special multi-layer enhanced protection. It is
impossible to provide reliable protection for the crew simply by increasing the
mass of the special shielding material in the ship's hull. Due to explosions
on the Sun or on other stars of the Universe, interplanetary space amy be filled

! with cosmic radiation deadly to people which it is impossible to screen out even
in reinforced compartments. Taking this into account, a special refuge, the so-

. -called storm compartment, is provided on the sh_p. Its size makes it possible
to shield all the crew members. It contains the Llevices which permit a minimum
of control over the ship and provides for radio and television co_nunication with
Earth and among the ships in the flight, as well as its own, though very' small

_ closed ecological 18 systeu, which provides the crew with all they need to maintain /17._.__3
. vital activity. After all, it is not known how such tim the crew will have to

spend in this compartmentl In addition, special indi_ridual means of shielding
_ are available to the cosmonauts in the form of herneti_ ha, tresses filled with
_: - liquid which absorbs the deadly radiation. If needed, various plmrmu:ological
_ preparations are used by crew ambers which can reduce th_ effect of cosmic
_. radiation on an organism, kutouatic dosioneters keep watch on the ship. They
_ continually check the Sun's condition and notify the crew of a possible worsening
_: of the radiation level.

Interplanetary space is "shot through" from all sides i_ith neteoric naterial. :
One can encounter it bvth as individual fine dust particles _r large smteoric '

_ objects and meteor stresns. They are extended swarm of particles of solid i
• naterlal ranging from several milligrams to hundreds of kilog_'m in _;s. Noving i

at a speed of 50-70 kn/sec, they are capable of penetrating the ship's shell.
In order to protect the ship against meteoric objects, _.ts hull must be mule
multi-layered. When a meteoric particle penetrates the ship's b_ly, its special
uterial memntarily flows, plugs up the opening, and hardens asa_n. Special
shields mede of highly durable materials are used as an additional passive
anti-Mteor protection on the ship. They are placed in front and o_: the sides

_ of the ship at a distance of several hundreds of w_ters. Similar to mbrellas,
they screen the ship, forning a cone-shaped space around it, When a meteoric
particle strikes the protective shield's surface, its enonwus kinetic energy
is chan8ed to a significant extent into thenml energy. This causes it to be
heated greatly, and it. along with the naterial knocked out of the shietd, which

l SThis system is discussed in dotail on page 183.
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is also heated, will move towards the ship, not as a solid mass, but as an
incandescent, raFidly expanding gaseous cloud which, due to the extreme vacuum;
rapidly disperses in the space between the shield and the ship. Special high-
-temperature plasma rays, which are generated onboard the ship, _!._ng to the
category of active methods of anti-meteor protection. It is possible by vsing
them to "burn up" (more accurately, to melt) large meteoric objects before they
encounter the ship's anti-meteor umbrella.

In case a ship encounters strong magnetic fields (and they occur in outer
space), they may have an adverse effect op the cosmonauts. In order to protect
them from this, a special anti-magnetic system is provided on the ship.

High-power nucl#ar engines are used to accelerate the liner to the necessary
velocity and to decelerate it upon its entry into a near-planetary orbit, and
low thrust electric rocket motors are used to move it in outer space. There /17_.__4
is a solar sail on the ship as a reserve method.

The interplanetary ship will not spend a day or a week in flight, but months
and years. During all this time its crew must be provided with air, water, and
food. It was determined a long tile ago that a person, in a hermetic co_:._rtment
carrying out a specified number of tasks, uses during a day about 800 gr_._, of
oxygen, 700 grams of food in the form of necessary amount of proteins, fats,
carbohydrates, vitamins, and aineral oils, as well as about 6 liters of water,
of which about 2 liters are for drinking, and the rest is intended for person_l
sanitation needs. If one adds the cubic mass and packin_ of the food and air
products, the mass of everything necessary for a single verson cones to about
11 kg per day. Based on this, the supply of these products must, correspondingly,
be 48-72 tons for a two- or three-year trip, for example, by a six-man crew.
Of course, if one brings everything from the Earth, the takeoff :,ass of an

_ interplanetary liner will be prohibitively great. In order to provide the
cosmonauts with everything necessary for life-support, the liner will be con-T

_ verted into an "island of the Earth*' in space, i.e., into a miniature mbdel of
: it. A biological cycle duplicating that o£ the Earth, and, by analogy with the
_ latter, called a closed ecological system 19, will be reproduced in special
_:: hermetic compartments and greenhouses.

. K.E. Tsiolkovskty as early as 1926 advanced in his paper "An Investigation
_ of Outer Space by Reactive Devices" in the nest general form the use of the
_ cycle observed on the Earth as the basis for a model operation In space to

obtain oxygen, water, and food. He wrote: *'It is not possible to exist for a
_ long time in a rocket: supplies of oxygen for breathing and food must run out
_ soon, and the products of respiration and digestion will foul the air. Special

living quarters are necessary- safe, bright, at the desired temperature and
_ with renewable oxygen, and a constant influx of food.." only a closed cycle
_ can eliainate the need for colossal supplies of oxygen, water, and food on the

ship.

19Bco'_ogy is that area of science which studies the interrelationships of
_ organism and their enviromumt in natural biological systems (a_soci_tlons of

the animal and vegetable worlds).
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An extended flight in a state of cosplete or partial weightIessness has
an adverse effect on the human organism. This is explained by the fact that,
under terrestrial conditions, a significar_t fraction of the organism's energy
is expended in maintaining in an efficient conditicn the large muscle mass which
permits a person to stand and walk, maintains the skeleton's rigidity, absorbs
the weight of the-entire organism, and also provides for the normal operation of
the cardiovascular system and other organs. ,'his load is removed in weightless- /17.__55
hess. And, naturally, a healthy organism then begins to be freed from every-
thing "superfluous" which requires energy. The load of the bone-muscle system
and consequently, on some part of the muscl _ tissue, is decreased, the density
of the bones is reduced, and the cardiovascular system undergoes changes. If
one does not take protective measures, this unavoidably causes the cosmonauts
to reach a state of adynamia, i.e., weakness. Therefore it has been necessary
to solve the problem of creating artificial gravity on the ship to sake a
successful interplanetary flight.

In order to understand the significance of gravity, let us point out that,
under terrestrial conditions, when a person walks on the Earth, there are, in
addition to the forces whose action he distinctly perceives (for _xs_le, the
force of gravity, the force of friction, and so on), other forces acting which
are so small that he does not notice them. These include the centrifugal and
Coriolis forces of inertia which are due to the Earth's rotation.

Let us suppose thr, t the place where a person is standing is not a planet
but the inside of a ship. If the ship is rotating about its axls of sy_etry,
centrifugal force will ,_ct on the person and w111 press him to the floor, just
as the force of gravity presses a person to the E_rth. But what principle

: difference is there here? We know that the magnitude of the centrifugal force
depends on the radius of rotation. But since the head of a person standing on
the "floor" of the ship's cabin is nearer to the axis of rotation than his
feet, centrifugal force, which replaces the force of gravity in this case, will

} increase continuously in the direction from the head to the feet. Therefore it
will be more difficult to move the feet than the i,ead and the ares. This

_ difference in the magnitudes of the cen_ ,.ifugal force actin_ on the head and the
feet of a person is called a gravitational gradient. It is not difficult to

: imagine that, for the same angular velocity, the smaller the radius of rotation,
the more appreciable the gradient. If a person is not standing in one place but

_ is walking around the ship, even the Coriolis force of inertia will begin to act
_ on him. And he will certainly feel thus since the ship's angular rotational

ve'_ocity. And, since the larger the effect of the Coriolis inertial force, the
_ grea_er the ship's angular rotational veloclty, it Is iaposslble to select it_

magnitude arbitrarily.

Investigations have shown that the upper limit of angular velocity at which
disorientation of a person's _estibular apparatus does not occur is 0.4 ° per
second, and that the lower 1gait is when a person can still move about, if the
acceleration due to gravity is no less than 9.2g of the terrestrial acceleration.
BUt if one takes into account the fact that it is necessary for the cosmonauts
to move about _ the ship and in • direct=.on opposite to i:s rotation (the
Co_iolis fore, 11 raise it slightly), the lower limit mast be increased.
Soviet sciant._.s E. M. Yuganov and N. O. Eneleyanov have suggested that the
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lowest effective value of artificial gravity allowable from the physiological
point of view is 0.28-0.5 g. To create this artificial attractive force, a /176
rotational speed of 10°/second is sufficient, and the optimal radius o£ rotation
is 9 meters. The Coriolis acceleration forces, which unavoidably appear when
the cosmonaut moves about in the ship's cabin, will not be very large. An
interplanetary liner will have the design, shape, and special equipment which
provide the members of its crew with conditions so that they can stay at
different degrees of gravity, from the minimumup to the terrestrial value.

Weightlessness makes i_ harder to maintain necessary temperature conditions
in the ship. Under terrestrial conditions the temperatures are mixed due to
air convection. Cold, "heavier" air, falls, and warm, "lighter" air, takes

{ its place. But where there is no weight, there is no "heavy" or "light" air,
and perhaps con_ction does not occur. In order to produce it, special venti-
lators are installed everywhere in the ship's rooms. The temperature regula-
tion system provides for the necessary air circulation in the ship's compart-
ments.

A necessary attribute of an interplanetary liner is special descent craft.
After all the liner, as it approaches, for example, Hats, has a very significant
mass, due to the large supplies of fuel necessary for the return flight, the
powerful rocket motors, the closed _cological Jystem, and other special equip-

: ment. It is not necessary to land all this payload on the planet since all o£
this is needed to -each the interplanetary flight path for the return to
Earth. But this i_ not the only cause. To land a heavy and cmnbersome ship
on another planet is not simple, and through a planetary atmosphere it is not
possible at a11 since the shape of the interplanetary liner does not satisfy
the requirements of aerodynamics.

The descent craft, which has a far smaller mass, overall dimensions, and
:. the proper shape, is far easier to land on the planet. It is a complex two-stage

design. Its first stage is used for landing on the planet, and the second stage
is used for the takeoff from it and to enter into a near-planetary orbit to dock
with the interplanetary liner. A special mobile device -a planetokhod
[Translator's Note: planetary rover --American equivalent] -- is on each such
descent craft. The cosmonauts will use them to travel over the planet's surface.

Crew of an InterplanetaryShip

Three Soviet men were the first multiple crew in the world on the spaceship
Voskhod: the ship's co_der V. M. Komarov, his scientific co-worker K. P.
Feoktistov, and surgeon B. _. Egorov. Precisely why was this troika so con- !
stituted? This was stipulated by the goal-oriented tasks and technological
capabilities of the spaceship,

The staffing of a crew of an interplanetary liner is a problem of incom- /177
parably greater complexity. One of the main questions which arises here is
determining the number of crewmen. The solution to this problem is directly

dependent on the closed ecological system can support which _st provide the
crew with life-support. This exceedingly important circumstance causes a
rigorous restriction of the nu_er of crewmen possible. But staffing the crew
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of an interplanetary liner is not determined just by this. Such factors as ilW
( psychological, biological, and professional compatibility have enormous signifi- !cance.

- Imagine two close friends who understand each other and what is being said
from half a word, a single glance, or a shrug. Each of them strives to make
things as pleasant as possible for the other when doing this or the other task.
They usually say about such friends: "they would go through fire and water for
each other." Psychologists call such people compatible from the psychological
point of view. ¢

A characteristic of another kind - biological compatibility -- is very
important due to the fact that a collective flight introduces its own com-
plexities into the creation of an acceptable atmosphere i_ the spaceship's i
hermetic cabins. After a11 each member of the crew, crudely speaking, creates
his own living environment since a person has an individual specific microflora.
Microorganisms harmless to their host are found under normal conditions on the
outer skin o_ a person, on the mucus linings of the upper respiratory tracts,
and in the aigestive tract. These are the so_called saprophytic microbes. But
they can have an adverse effect on other members of the crew. In numerous I
experiments carried out in hermetic rooms, it has been established that the I

l
amount of microorganisms residing on the skin and the mucus linings of a person
increases noticeably and is maintained at a level which exceeds by several
times the usual levels. As a result, microorganisms accumulated in significant
amounts in the air of inhabited rooms. And it is well known that the

• "relationships t' between microorganisms can be antagonistic. This can lead _o ,I
undesirable consen.uences s_nce an increase in the microbial contamination of the
air of a hermetic room will facilitate the onset of illnesses. This is one
aspect of biological compatibility. The other, no less important characteristic

- of the fact that individual differences in people's metabolism 20 are reflected
in the qualitative and quantitative composition of airborne impurities liberated

/ during respiration and from the surface of the skin. Thus, for example, the
specific odor of the respiration products or the outer skin of one person may
cause an adverse effect on another. Therefore the choice o£ identical

personalities, while taking into account their biological compatibility, has /17..__88
_. exceedingly great significance.
),

_: The crew of an interplanetary liner is not the arithmetic sum of the
_': individuals, but it is a "mique association which must function in a harmonious
!: and concentrated manner under the very narrow conditions of spaceflight. And
_ in that case the nature of the people's vital activity on the ship will differ
_ very significantly from that on Earth. After all _n spaceflight, a person is
_ confronted with . number of sharply defined factors _lth which he has never
_ been confronted under the condit._ons of this terrestrial existence. They can be

separated arbitrarily into three groups.

The first group includes factors associated with the ship*s flight dynamics:overloads, vibration, and noise when the ship takes off _ud descends as well as
_ the weightlessness during flight with the engines off,
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The second group is associated with the conditions characterizing outer
space as a unique environment for people, namely: the vacuum of the medium
surrounding the ship; the presence of very intense ultraviolet and cosmic
radiation harmful to living organisms; and the possibility of the ship _d the
crew being affected of meteoric material, as this can result in the penetration

_-of the ship's body, the dehermetization of the living compartment, and injury to
its inhabitants.

The third group includes factors caused by the cosmonaut's extended stay
in the artificial conditions produced on the ship, as well as by their complete
isolation from the external environment and the limitation of their living space.
This group includes factors associated with the conditions of the cos_onaut°s
work and relaxation, the alteration in their biological rhythm, and the
peculiarities of the preparation and ingestion of food and water, as well as
the performance of the bodily functions.

All these distinctive characteristics o£ spaceflight requi_e not only
comprehensive professional training on the part of the crew members_ but an

exceedingly high degree of mental stability. After all they must not only live 1
together but work together in a very well-coordinated fashion. Good mutual

. relationships are indispensable for this. The irritability of one crew member, i
, the hot temper of another, or unjustified stubbornness can cause alienation, i

conflicts, and contrariness, and this will certainly affect the completion of the )
planned flight program. )

L

There can be as small resentments, irritability, or bad character in the !

crew of a spaceship. Extended spaceflight is them ost serious test of an
. individual ' s entire psyche, and only people strong in spirit, cheerful, and

totally devoted on their work can withstand it. The egotist, the self-lover,
cannot be in such a situation. He does not help to create the most favorable
conditions on the ship... G. S. Titov has written about this.

All the members of the crew must be attentive to each other and mutually
solicitous. An indispensable quality must be their mutual respect and willing-
ness to spring to a comrade's aid at any time, especially in dire or critical
situations.

An exceedingly important trait for any crew member of a spaceship is courage.
It permits him to overcome the feeling of fear caused by an extended separation
from the Earth. It is true that a feelin_ of fear can arise in any person

, since he is a highly-developed biological creature. The question is only
whether various people will give different forms o£ expression to this or
that occurrence. Some people's feeling of fear say cause confusion and panic.
Other people, on the contrary, do not lose their self-control. One should not
forget that each person has his own tendencies and habits, which people exhibit
in different ways in different situations. It is well-known that the inner

world of a person's psychic processes is extremely complex and_ulti-faceted.
It includes volitional and emotional processes, peculiarities of character and

temperament, a person_s capabilities, knowledhe, habits, customs, and beliefs.
_ I_ is also understood that the nature of a person_s actions is very complex and "
( at times difficult to explain.
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: The history of scientific expeditions gives many sad cases of the alienation
; caused by a feeling o£ fear in the face of the unknown. In this respect the

story of the famed Arctic investigator Norwegian scientist Fridtjof Nansen is
L quite enlightening. Having drifted in his ship "Fram" as far as the 84th parallel

of north latitude, Nansen together with his companion Johansen, set off on skis
• for the North Pole. b'nen they reached latitude 86°14 _ and understood that

further advance was useless, they turned southward. Almost one-half year later
they reached Franz Joseph Land. They walked through configurations of ice and
polynia [Translator's Note: dictionary says this means unfrozen patch of water

_ in the midst of ice] in frozen clothing, and they ate dried fish, walrus meat
;: and bear meat. Using the heat of their bodies, they warm_i up snow in their

water bottles for drinking. But the most difficult thing they had to live through
i was personal communication with one another. They addressed one another very
_i_ rarely, sometimes only once a week, but these coulunications were of an

official nature. Johansen, for example, called Nansen '_. Expedition Leader,"
_ and Nansen called Johansen '_dr. Chief Navigation Officer".
f

_ However, in contrast to this situation, many cases are known in which the
: difficult conditions into which a group of individual_ has fallen solidifies the
, group. Thus, for example, at the beginning of 1960 during a storm in the

Pacific Ocean off the coast of the Kuriles Islands, a self-propelled barge was
driven out to sea; onboard were 4 Soviet soldiers -Askhat Ziganshin, Philip

_ Poplavskiy, Anatoliy Kryuchkovskiy, and Ivan Fedotov. After 49 days of drifting,
_: they were picked up by American aircraft and taken to San Francisco (USA) _hile
_ adrift they encountered many critical situations, but they overcame them with
:_ fortitude and emerged the victors. The foreign journalists who gathered to
_: interview them were amazed most of all by the solidarity of this small group of

Soviet people. Here is a shall excerpt of one of the interviews.

' Journalist: I know that under such a circumstanc _. _t is possible to lose /18____00
one's humanity, go out of one's mind, and be turned ir onimals. You had, of

_ - course, quarrels, perhaps, even flights over a la._a_ c_ of bread or last
_: swallow of water?

_ Ziganshin: During the entire 49 days the members of the crew did not even
_, say one angry word to one another, When the fresh water appeared to be running

_ out, each _ceived half a glass a day. An no one took an extra swallow. 0nly
when we celebrated the birthday of Anatoliy Kryuchkovskiy did we offe_ him a

_ double portion of water, but he refused.

Journalist: Did you remember in this hell the birthday of your comrade?
_: And did you not think about death, Mr. Ziganshin?

_i" Ziganshin: No, we did not, we are too young to give up easily.

Journalist: How did you pass the long nights? For exsmple_ you_ Mr.
Poplavskiy?

Poplavskiy: _e sharpened fish hooks, cut spoon baits out of a tin can_

untangled ropes, and tied fishing llne. Askhat Viganshln repaired the signallamp. Sometimes I read a book aloud.
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Journalist: What was the name of this book?

Poplavskiy: Jack Londonts "Martin Eden."

: Journalist: Incredible.

_ Fedot_v: Sometimes Philipp played the concertina and we sang.
b

_ Journalist: Show me this historic concertina.

Fedotov: Unfortunately, we ate it.

Journalist: What? How did you eat it?!

: Fedotov: Very simple. Parts of it were made of leather. We took it apart,
_ cut it up into pieces, and boiled them in the salty seawater. The leather
• seemed to be sheep leather, and we joked that we had two kinds of meat: the

first kind - leather from the concertina, and the second kind - leather from
our shoes.

Journalist: And you had the strength to joke? This is incrediblel And

do you know what kind of people you arel ?

Ziganshin: Ordinary Soviet peoplel

Yes Soviet! And one must say that behind this brief reply stood the
_ deepest sense of our social relationships. Soviet people are collectivists

in spirit. The principle of the Communist morality -one for a11, a11 for one -
_: is an immutable woral law. From earliest childhood, by absorbing Colamist

_ morality, the Soviet people place social interests immeasurably higher than
personal ones, and this helps then in many respects to overcome any difficulties

_i. and to attain their broad goals. A person in a collective body is an out-

_ standing figure. A comparison is easier: he is a link in a chain. Take out
_ one link, and another one -and there is no tightly unit friendly g.'oup. The

experience of life is proof that those groups which are bound not only by a

!_. gener:l purpose, but by mutual sympathies and a feeling of comradeship, most
_ efficiently dispose of any tasks posed to them. Such groups are psychologically
:_: compatible. They are distinguished not only by uniform emotional reactions and

i_" -- behavior, but by the ability (which is very importantl) to equalize and s o_=_

_ within the group any individual habits, tastes, and interests which are
_f unacceptable to the majority of the members. In addition, consciousness of the

importance of the task entrusted to each member of the crew and to the crewas a whole, and an understanding of the fact that it is impossible to resolve it

oth_ than by their combined efforts, promotes not only solidary a_ng themen rs of the crew but _utual comradely aid, right up to self-sacrlfice.

_: harmony among a group not just to willingness to
Mutual members of is confined

help one another. Members of the trek, ,_f _n interplanetary ship must po_ an
exceptionally important trait which is r_ferred to in the language of
psychologists as conformity. It means essentially that a person knows how,
ig necessary, to act just as everyone else does.
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_ But the problem of compatib_.lity among the crew members is not limited
i just to psychological and biological factors. The professional training of
, each crew member and the group as a whole is no less important. The volume of
J work increases significantly in an interplanetary flight, and its diverse nature
: increases, and this requires that each cosmonaut master several professions.

Therefore one can distribute the duties, for example, among 6 crew members, by
creating two duty shifts. The ship's colander and his deputy navigation
officer command the ship by turns. The surgeon and the biologist ensure the
normal operation of the ecological system and check the medical-biological
environment in the living compartments of the ship, and the health of the crew
members. The task of preparing food and observing the eating habits of the
cosmonauts is enstrusted to them. The flight engineer and his assistant ensure

: the normal functioning of the very complex systems of the different instrumenta-
tlons. Of course, all the processes on a ship will be automated. And in case
of a_; malfunctioning of an automatic system, an alarm signal will immediately

': sound and, if necessary and possible, they will switch the reserve unit into
,_ ope_.ation. But the cosmonauts should not expect such an alarm signal. Their

main task consists of seeing that this signal does not sound even once during
the entire flight, l

I
The necessity of having on the expedition's staff different specialists

requires additional training for the cosmonauts. Thus in the case of a landing !
on a planet, the surgeons and biologists must know how to carry out a micro- i

, biological investigationof the landing site and also carry out observations and [

: investigations of the local flora and fauna. Such specific tasks as meteorology, I
t geodesy, cartography, planetology, astrophysics, and others are entrusted to the (

engineers. Prior to the most complicated and crucial stages of the flight
(light, for example, in case of a landing on a planet or a takeoff from it),

.... --the crew members must know how to carry out the complex ___cki_:of all the main
= systems. In essence the ship's crew must assume the analytic functions of the /18___22
_ operation and the preventive maintenance of the onboard systems which are

carried out by the highly qualified engineering and technical staff of the
ground-based service. Therefore the crew members must in addition to their
own professional responsibilities, excellent knowledge, skills, and the ability

_ to operate the varied and complicated systems of the ship.

Life on an Interplanetar_ Liner

L. We already know that outer space is an environment which differs sharply
from the one with which a person is confronted in everyday life. The fact is

;)_: that the nature of people's vital activity on a spaceship differs very signifi-
_ cantly from that on Earth.

_T Life has existed on the Earth for billions of years. It arose and is
_: maintained due to solar energy and veget._tion. The greatest miracle of nature -

_[_: photosynthesis -takes place in the cells of plants under the beneficient rays

_ of the Sun. Plants, which absorb carbon dioxide gas from the surrounding
_: _-medium, liberate in the phot_synthettc_ process oxygen and convert inorganic,_ matt _r (mineral salts, carbon dioxide gas and water) into a cowplex organic
_? mass saturated with energy which is used by human orfjmisms as food. The _
;_ greatest role of plants is precisely thisI The great Russian naturalist K. A.
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Timiryazev described ,,ery graphically how this complex interaction of plants
with the Sun occurs. In his book "The Sun, Life, and Chlorophyl" he wrote that
once, somewhere on the Earth, a ray from the Sun fell, not on barren soil,
but on the green blade of a wheat shoot, or, it is better to say, on a

_ chlorophyl seed. In striking, it died out, ceased to be light, but did not
: disappear. It was only expended for internal work; it cut and tore asunder the
: bond between the particles of carbon and oxygen, which were combined in carbon
,:_ dioxide. The freed carbon, combining with water, formed starch. This starch,

after conversion into _oluble sugar, is _inally deposited after a long journey
through the plant in the seed as a starch or gluten. It entered in this or the

• other form into the composition of bread, which served as food. It was trans-
_ formed into our muscles and into our nerves. And now here are the atoms of

carbon in our organisms striving again to be combined with oxygen, which the
blood carries to all the extremities of our bodies. The rays of the Sun con-
cealed in them in the form of a chemical stress again take the form of definite
force. These rays of the Sun heat us up. They bring us into motion. Perhaps
at this minute it plays in our brain...

We have briefly indicated in the chapter "Interplanetary Liner" that, in
order to provide the cosmonauts with oxygen, water and food on their ship, a

_: closed ecological system should be created as a miniature model of the Earth
i and figuratively called a "factory of life in space". Taking into account its
_: exceptional importance on an interplanetary liner, it is advisable to dwell
,_,. in somewhat sore detail on a discussion of this question.

_ The closed ecological system of the ship includes 3 basic elements: /18.___3
i_ synthesis, composition, and utilization. In the first element plants synthesize
_• organic materials by means of binding, using solar energy, water, carbon
_ dioxide, and mineral salts and converting them into a complex saturated organic

mass suitable as food for the inhabitants of the interplanetary liner -people
5: and animals, which comprise the second element of consumption. The third
_-' element converts the food materials used by man and animals into an inorganic
_ form suitable for recycling by the plant.

, Just as on the Earth, plants occupy the most important place in the shipboard

ecological system. These are common especially fruitful and useful higher plants -plants -vegetable crops which are richest in carbohydrates: onion, fennel,
•,_,: watercress, borrage, [Translator's Note: one unknown word] cabbage, rootcrops,
_ and tuber-bearing plants. All of these are cultivated by hydroaeration and
,_ aeroponics 21 Mainly perennial plants are cultivated in the space greenhouse.iz
_: A harvest is continually reaped from them. This is achieved because the proper
_: illumination and nourishment conditicns are created for the plants.
i_:

_, 2lHydroaeration is the injection of a nutr&ent solution and moisture together with
i air into a soil substrate -an artificial substitute for soil.

Aeroponics means that the roots of the plants are developed in an air environ-
_ ment and only regularly watered by a nutrient solution dispersed by a special

sprayer.
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Biological sJld technical characteristics such as maximum productivity per
" unit volume of greenhouse, high nutritional value, biological compatibility,

efficient utilization of light energy, a broad temperature range for development,/
etc., were taken into account in selecting the crop of plants.

i Single-cell microorganisms such as Chlorella and Spirillum algae occupy a
special place in the ecological system. Chlorella is a fresh-water green algae.

.. One liter of a suspension of it yields each day up to I0 liters of oxygen. But
: this is not the only achievement of algae. They are simple, they make it possible

to attain a relatively constant rate of accumulation of organic material, and they
( multiply amazingly rapidly since they have a short vegetative season and a large

number of individuals at various stages of development. These algae use up to
_ 10_ of solar energy, while the majority of terrestrial plants utilize less than

i 1_. Algae possess unusual nutritional properties. ChloreUa, for example,
< consists of over 50_ valuable protein and has 25_ fats, 15_ carbohydrates, and
: 10_ mineral salts. It contains 100 times more vitamin C, and 500 times more

vitamin A than milk. It also contains 10 amino acids vital to a living organism.
\

Not only Chlorella, but zooplankton -- small animals such as Daphnia,
Cyclops, Ortemia, and others -are cultivated in a special pool on the ship.
They are the same as in their nutritional properties. Besides zooplankton,

_ deep-water fish live here, such as the mirror carp and the silver carp. They
use comparatively little oxygen, and their gill apparatus is suitable for

: filtration of plankton. Th;.s type of fish attains large sizes, and consequently,
_ large weight in a comparatively short time and has numerous offspring. Small

' animals such as chickens and rabbits are _n indispensable element in the
b ecological system. Since they mature rapidly and can quickly generate offspring,
)_ they completely satisfy the need of the cosmonauts for products of animal
_ origin. Microorganisms (bacteria, fur,gi, protozoa, and others) have a great
_ significance in a closed cycle of materials. They process the metabolic
_{_ products generated by people and animals.

P Let us briefly discuss the operation of the system as a whole.

.f_ As is well-known, a person generates on the average 900 grams of carbon
_" dioixde gas and about l.S kg of solid and liquid wastes per day from his own
._. vital activity. We direct the carbon dioxide gas i_ediately into the plant

section, both higher (vegetable crops) and lower (crops of various algae).
This section has been named the autotrophic organism section. They possess

)_6 a_azing properties: they live, eat grow, and reproduce, absorbing from their
.;o ¢.nvironment carbon dioxide gas, mineral salts, and water, using light energy.
_ This process is called photosynthesis and is accompanied _ the liberation o£

oxygen and the formation of organic material, mainly caroohydrates and vitamins.
Up to 3S liters of oxygen can be obtained from a single square meter of a space
greenhouse, and up to 50 liters of oxygen can be obtained iron a one-meter
suspension with Chlorella algae. Vegetable products from the greenhouse and
the reactor w_th algae can be converted into good in the space kitchen after
the proper processing operations have been performed.

However, the vegetable food thus obtained, although rich in carbohydrates
and especially in vitamins, cannot be regarded as complete, because a poison
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still needs animal food. Therefore naturally the introduction into the
biological-technological system of animals which, eating the scraps of the
higher plants not assimilable by a person (tops, roots, and so forth) and algae,
would give crew members food of animal origin. It is completely understandable
that this section be connected to the plant section, obtaining from it food and
oxygen and giving up carbon dioxide to it.

Solutions of mineral salts in which such elements as nitrogen, phosphorus,
potassium, calcium, magnesium, sulphur, and others must be present are
necessary for feeding :he plants themselves. Such solutions are obtained in
the area of utilization or mineralization of the wastes of the vital activity
of man and the biocomplex. All kinds of solid and liquid wastes formed in the
interplanetary liner go into it. In their composition these wastes (feces,
urine, remains of plants and animals, etc.) are mainly organic compounds, and I
therefore it is necessary to convert them into a form acceptable to plants, i.e., /185
to mineralize them. It is possible to do this by various physical methods
(burning, oxidizing) or by biological methods (reprocessing with the help of
various useful microorganisms). Biological mineralization of organic materials !
is a complex, multi-step process. Here several systematically varying functional I
groups of microorganismswith a very narrow "specialization"in exchanging i
materials participate within the limits of each step of the transformations of I
mineralized material. Solutions of mineral salts vital to the plants are I
obtained as a result of the functioning of this section. Let us add to this the )

l

fact that the ship's ecological system includes many instruments, devices,
aubassembiies, and equipment for automation, recording, correction, and control, )
and also for carrying out the complex biological, physical, and chemical
processes.

Thus the ship's crew is provided with oxygen and food. The necessary amount

of drinking and personal sanitation water is obtained by regenerating it from
the liquid wastes of the crew members vital activity, but mainly from the

moisture which is evaporated by the plants, and then, cooling off, is condensed.

I::: It is evident from this brief that the creation the
even description on ship

_ of a closed ecological system is a problem of exceptional difficulty. It
_ embraces almost all disciplines of natural science. Therefore, in developing it,

- comprehensive thorough, and complex investigations were required of such funda-
mental conditions of the existence of terrestrial life forms as the intensi-_and
spectral composition of solar radiation and the background of ionizing radiation,
the amount of gravitation, the intensity of the electromagnetic field, the

: duration of the vital activity rhythms of organisms, and other conditions. In
: fact the maintenance of a terrestrial value for these factors in spaceflight
t might not always be possible or even advisable. Therefore it was necessary to
_ c_rry out many experiments on Earth and in space before it became possib]e to
_:_ solve finally this most complex problem in the scientific and engineering-techno-
_? logical sense. Without getting into the technological details of the creation
,_ of the ecological systm, let us note only some traits which distinguish it
_/_ from the terrestrial cycles of materials in order to get some notion of the

exceptional difficulty of the task.
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_- The complexity is due in the first place to the fact that conversion
rates of materials in various biological elements are unequal, and the accumula-
tion of intermediate, mainly gaseous compounds in dangerous quantities and

_ concentrations is possible during the decomposition of these materials

Therefore it was necessary to overcome great difficulties in solving the
problem of maintaining biological equilibrium between the activities of the

_ animal and plant world. As is well-known, on Earth this equilibrium was arrived
at spontaneously during the evolution of life. The temporary stagnation of an

_ organic material in one of the biological chains is not appreciable under
_ terrestrial conditions in the overall course of the terrestrial "circ!*. of life"

since it is compensated for by the enormous amount of materia'_ and elements
which are formed by the accompanying geological and geoche_, i processes taking /18___.66

_:; place in the water, soil, atmosphere, etc.

_ Another factor is the tiny value of the interplanetary liner in comparison
_ with the Earth. Here the smallest delay in the cycle can cause the disruption
_t; of functions, and the discontinuation of the activity of one of the elements
_i can cause the depletion of the entire system and, as a result, the destruction
i_ o£ the entire animal-plant connunity. Imagine that for some reason or other
_ algae began to grow slowly. This would mean that iw=ediately less oxygen

and biomass would be liberated, and it is well-known that destruction of an
_( individual element of a system disrupts equilibrium more, the greater the

_ fraction this element constitutes of the overall amount of materials processed.

Under terrestrial conditions processes occur extremely slowly, and the
volume and space of the Earth's biosphere does a good job of eliminating possible
deviations in the operation of the elements in the cycling system. There is
none of this in a spaceship: therefore the operations of all the elements in
the ship's ecological system are stabilized with regard to the rate of material
exchange.

_" The relationship in the Earth's biosphere between plants and animals is one
:i thing, and quite another in a ship. Here, then, a great danger lurks.

Terrestrial plants renew atmospheric oxygen only every 4 years; everything
moves infinitely more rapidly on the ship. It is completely obvious that the
less the specific amount of material in the system is (per single individual),
the higher the utilization rate and the completeness of the processing of
materials during each cycle are, the stiffer the requirements on the system's
d_namical stability are, and the fewer are the conditions which satisfy these
requirements.

Terrestrial microorganisms have been adapted after millions of years of
evolution to the alternation of the seasons and the regular succession of day
and night. Nature has produced unique '"_iological clocks" which control _any
important processes in the development of the fauna and flora of our planet.
Thus plants know by themselves when to shed their foliage, end animals
instinctively know when to go into hibernation, wake up, or soult. Light _hythm
strongly influence _an, whose organism is an exceptionally important link in
the ecological chain.
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The plant and animal worlds of the Earth have adapted to a constant level of
- gravitational force. Man's skeleton, animal's bones, and plant tissues have

been designed for it. A state of complete or partial weightlessness undoubtedly
affects the vital activities of the animal and plant worlds.

Based on the number of elements included and the specific amount of partici-
pating compounds, both biological and geochemical, the Earth's cycle is sharply
different from such a cycle under the conditions on a spaceship. The Earthts
atmosphere reliably protects people and animals from cosmic radiation. The air
itself in a spaceship may, under the influence of radiation, alter its own

: physico-chemical properties, This can have a very adverse effect on the ship's
inhabit ant s.

We have already said that on Earth the equilibrium system of the cycle was /18.__7
composed elementally. It would be necessary to create this equilbrium
artificially on an interplanetary liner. It would be necessary first of all
to arrive at a point where the tempo of the plant's vital processes corresponded
exactly to the vital activity rhy_.hm of people and animals. In order to solve
this problem successfully, it has become necessary to develop methods to provide
for the automatic maintenance of a unique cycle in which the amount of oxygen
absorbed by people and animals and carbon dioxide gas liberated by them
corresponds exactly to the amount of carbon dioxide gas absorbed by the plants
and the oxygen liberated by them. The requirement of the organic materials at
a specific time should not exceed their growth, and vice versa. Due to such
a rigorously regulated process of cycling of materials, the well-designed process

:. of photosynthesis by green plants, and the regulation of the growth process in
individual elements of the system, it would be completely possible to provide

_ for the expedition's mmmbers all that is necessary for an extende_ interplanetary
!i:_ trip.

_ The specific characteristic of a closed ecological system on the ship (the
_/ nonobservance of the similarity conditions and the possibility og man's
_ correcting intervention) make it qualitatively dif£erent from the natural model.
° Therefore, in creating this system on a ship, scientists would not be able to

copy the natural cycles o£ material observed on the Earth, but they would create
an or_-ginal system not having exactly analogous to nature.

?, /,_

_-'_r --'• The wise men of antiquity said: "Air is the pasture of life." We are j

_: accustomed to the fact that 78t of the Earth's air is nitrogen. Therefore it
::-? would be completely logical to assume that an artificial atmosphere on a space-
_, ship should be precisely the same. However, in creating the gaseous enviromaent
[ on it, physicians have concluded that it is more advisable from the physiological
_'_i and technological point of view to use helium instead of nitrogen. It is
_- significantly lighter than nitrogen, does not burn, and is not absorbed by an
_ organism's fatty tissues and blood. An oxygen-helitm atmosphere makes it

possible to decrease the maximm pressure in the inhabited compartmonts by a
factor of almost 2. This is very important in the event of a sudden pressure
differential and the mrgent rehermetization of the inhabits[ conpartmmts
required. In fact in this case, the danger of decompression disorders for the
cosmonauts and of '_oisoning" by the nitrogen dissolved in their blood
decreases. If released in the form of bubbles, it can plu I the blood vessels,
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_ - i.e,, what happens to divers who rapidly ascend from the depths of the sea to the
surface, Imagine that the hermetic cabin was penetrated by a meteor. The air

. would instantaneously rush out of it. The pressure would begin to decrease
rapidly. The bigger the opening and the greater the difference between the
initial pressure in the cabin and onboard the ship, the greater the speed with

: which this so-called "explosive decompression" occurs, and the more dangerous
its effect on the shipts inhabitants. Helium is important in that it prevents

_* a harmful reaction on the cosmonauts from induced radioactivity, which occurs /188
under the influence of cosmic radiation on nitrogen molecules. Due to its

- high thermal conductivity, a heli_ environment significantly alters a person's
heat exchange. Thus while in the usual terrestrial at/osphere, a "comfortable"
temperature is 18=24"C, in a helium atmosphere it would be 24-28"C in the
daytime, and 26-29"C at night during sleep. This is very important for extended
flights, in the course of which release excess heat is slowed. Therefore a
helium atmosphere makes it possible to decrease the diaensions and weight of the
necessary heat exchangers. It is true that a helium environment alters greatly
the spectrum of speech by almost an octave toward tha higher frequencies.

This is explained by the fact that a helium mixture ha_ a lower density than
air, sound travels through it Bore rapidly, and a person's speech is distorted.

During the entir_ flight a Bono,'onous picture is presented to the gaze of the
cosmonauts looking out into the abyss of space. In one porthole they see only
bright untwtnkling stars against e bluish-black sky, and in the other portholes

- they see the dazzling firey disk of the non-setting Sun. Regardless of the fact
that the ship is uoving-'at-enormous speed, everything appears to the cosmonauts
as i._ it were congealed. This is e_plaine_t not only by their relatively
slow flight velocity in comparison to the s_ars, but also by the absence of
characteristic orientations in outer space.

There is neither day nor night, sumer nor winter on the ship (of course,
natural ones like on Earth). The cosmonauts do not mell the odors of morning
freshness nor hear the sound of rain... Nevertb,_less, the cosmonauts sense an
accustomed environment in the ship's inhabited compartments. It reminds then
of the everyday and the beautiful which they temporarily ]* ct behind on the
Earth. The ship's creators have devoted such atten_ion to interior decoration -
coloring, illumination, arrang_ent o£ working places, equipment, end rest and
recreation areas. There is no_ a single detail o£ shape, color, and arrange-
sent in the outfitting of the hermetic conpartBonts which would not be thought
over intensely by the engineers, physician-pkysiologist, psychologists., and
other specialists. There is not a single sharp angle; everything is smoothly
rounded and has soft upholstery. Instruments of various kinds and equipment
are arranged so that the crew members do not have to _xpend such ener_7 and
a_tentio, to _ind the necessary knob, level, or scale.

One o£ the remarkable characteristics o£ the living compartments are the
ventilators. There are many of then evezTwhere. 1_y _r'_ they necessary? Under
normal terrestrial conditions the exchange of air in a closed room occurs through
thermal convection; hot air becomes lijhter and rises, and ne_ cold ai_ takes
its place.
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There is no convection in weightlessness. Therefore the air on the ship is
shifted by force. The ventilators solve this problem. With their help heat is
carried away from the heated housekeeping instruments and equipment.

A varied order for the day has been established _or the ship's crew members_ /18___9
each crew nember devotes 4 hours to operational duties, actively relaxes for
4 hours, and sleeps for 4 hours. During the active relaxation the crew
members occupy theuselves with special exercises, eat, read, listen to music,
watch movies an_ television broadcasts from the Earth, analyze and summarize
scientifix data, etc. It is specified in the schedule that all the cosmonauts
not asleep or, at least, the najority of then, sit at the table together. In
factm eating is not sinply the ingestion of food, but a very complex process in
which physiological, psychological, emotional, and other fundamental functions
are closely associated.

tit

You, the reader, can now conclude from everything that has been said in this
book what is the purpose and complexity of solving the problems of interplanetaryr
comunicat ions.

But there is no doubt thatm whatever difficulties stand on this path, man-
kind having plowed the first furrows in the virgin soil of outer space, will
with tine transform theu into broad highways joining the Earth to other worlds.

Years will pass... Centuries... The boundary of the unknown will be pushed
further and further into the Universe. New star planes will criss-cross
interplanetary and interstellar space. But the unparalleled exploits of the
Soviet people, who carved for mankind a path into his shining future -into
Cosnunism - and opened up the way to the stars, will remain in nankind's
mmory forever. These great achievements will never _ade before any new
heroic achievesents of unkind. On the contrary, the greater the triumphs of

._ nankind on the path of nastering the boundless spaces of the Universe, the
brighter will shine in civilization's firmment the dawn of the space era,

; of which we, dear reader, are the contesq)oratiea and creators.

In conclusion we would like to turn your attention to two very inportant
_ matters directly rels_d to future space achievements.

# Obviously space travelers in the first interplanetary flights will be
_ approxinately in the sane position in which the first explorers of our planet

were in their ti_e. Severe pies and stores, ocean currents and subnarine_ reefs, vagueness of the conditions ahead, _ other dangers of _istslit sea
_ journeys can be compared with the considerably .:eater dangers of an interplane-

tary _ourney: an encounter with meteor strm, sudden explosions on the Sun
when interplanetary space is filled with radiation lethal to living organisu,
crossing the strengthened radiation belts of celestial bodies, and an enc,wmter
with other unforeseen, but YeW dangerous, space phanouena - large meteoric
objects, asteroids, _d comet_. This, and also the very prolonged stay of
the investigators in interplanetary flisht, fisured in years, requires a special /19__._0
design of interplanetary liners which carry • crew and ve_; sisnificant supplies
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c_ fuel, rations, and scientific and auxiliary instrumentation. Of course, it
is impossible to arrange a11 of this on a single ship. Therefore it becomes
necessary to use several ships. It is appropriate here to Rraw a certain
analogy with the journeys of Columbus, Magellan, and other early explorers of
our planet. Columbus _ould probably not have discovered America if he had set
sail on a lengthy sea journey with not _ but with a single caravelle. And _he

I expedition commanded by Magellan would not have completed the first circum-
navigation of he had not had $ ships. As is well known, only one ship
returned home from each of these expeditions, and the remaining ships went out
of operation for various reasons.

The presence of several ships in the composition of an expeditior, carrying
o',L an interplanetary _light makes it possible not only to distribute the
necessary instrumentation but will create for the expedition's laembers the
desirable comfortable conditions and will greatly increase the possibility for
the successful accomplishment of the interplanetary journey.

[ However, the creation of interplanetary liners and The preparation and
i carrying out of interplanetary expeditions is a problem cf exceptional scientific
II and technological complexity. Such undertakings require not only enormous

material expenditures but also enormous intellectual effort on tile part of tho'-.o
who execute them. The challenge which _e have flung out to outer sps_e today
has no equal in the history of civilization. In the continual striving for
knowledge of !he world around us, no other goal can so irresistibly summon all
peoples and ell nations to join together in a single creative rush to solve
these enormous problems. Therefore it is natural that, if the whole world
combined J_s efforts not only in the scientific sense, but also with respect
to _aterial expenditures, this would greatly accelerate the investigation and
mastering of outer space and the celestial bodies of the Solar System. There
is undoubtedly a r_al necessity for this.

"...Mankind -write the founders of scientific Communism K. Marx and F.

_ Engels," - always sets be£ore itself only those problems which it can sol_'e
since it always turn_ out, on the closest inspection, that the problem itself
arises only when the material conditions for its solution are already present,
or are in the making." (g. Marx and F. Engels, Soch. [Works], 2nd editic ,
Volume 13, p. 7).

All the necessary means are in the arsenal of contemporary science and
technology for the successful solution of such majestic problems -powerful
space rocket technology, atomic and solar energy, the means of remote radio
control and automatic electronic control, rnd such else. The problem facing
the governments and peoples of all countries oi the world is to use these
great discoveries of mankind's genius for the further progress of science and
technology for the good o_ all man;ind.
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